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THE REFLECTION OF SLOW-MOVING ELECTRONS BY 
COPPER. 


By ALBERT W. HULL. 


INTRODUCTION. 


HE following is a report of experiments on the reflection by a rough 

copper surface—electrons having velocities from 0.4 volt to 

50 volts. The copper was originally polished, but when taken out at 

the end of the experiment had a dul!, smooth gray appearance, due 

probably to a deposit on it of copper distilled from hotter parts of the 

apparatus during the prolonged heating. This condition of the surface 
is to be especially borne in mind in interpreting the results. 

The most striking result of the experiment is the smallness of the 
reflection observed—only 10 per cent. at 0.4 volt velocity, increasing to 
40 per cent. at 50 volts velocity. Interesting evidence is also obtained 
regarding the cause of the spreading of a beam of slow-moving electrons, 
and the energy relations in the production of delta rays. 


PREVIOUS EXPERIMENTS. 


The best values of reflection at low velocities are those of von Baeyer! 
and Gehrts.2. Their results may be summarized as follows: At about 2 
volts velocity, the fraction of incident electrons reflected varies from 35 
to 50 per cent., depending on the condition of the surface, rather than 
the material, of the reflector. The reflection increases with increase of 
velocity up to about 5 volts velocity, then decreases with further increase 
of velocity to 11 volts velocity, after which it increases rapidly and 
reaches 100 per cent. at about 30 volts velocity. At velocities above 30 
volts more electrons leave the receiving plate than strike it. Hence in 
addition to reflection there must be a secondary emission of electrons 
by the bombarded plate, and this secondary emission is assumed to 


1 Ber. d. D. Phys. Ges., 10, 96-111, and 953-0967, I9IO. 
2 Ann. d. Phys., 36, 1000, IQII. 
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begin at 11 volts, the point where rapid increase in the apparent reflection 
begins. 

The picture would be much simpler if, instead of an initial increase 
in reflection with increasing velocity, followed first by a decrease and 
then an increase, a constant decrease from the lowest velocities up to 
eleven volts had been observed, with subsequent increase. For the 
process could then be considered as the superposition of two, viz., a 
reflection, which is large for low velocities and decreases continually 
with increasing velocity, and a secondary emission which begins at about 
II volts and increases continually with the velocity. This view of the 
process von Baeyer actually adopts, considering, with good reason, that 
the smaller values of reflection which he observed at velocities below 
8 volts could be explained by the poor vacuum which he had. Gehrts 
follows von Baeyer’s example in drawing the same conclusion and dis- 
crediting his own data at low velocities, but with less justification, as 
his vacuum seems to have been excellent. 

Some time ago the writer! had occasion, in the course of another 
research, to measure the reflection from a silver-plated brass surface, 
of photo-electrons produced by Shumann light, the velocities of which 
lie between 0 and 3 volts. The result was a surprise, as the reflection 
was found to be zero within the limits of measurement. Here again, how- 
ever, it must be remembered that the surface was in a peculiar condition, 
namely that of an electrolytic deposit. For although the brass was 
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Fig. 1. 








highly polished before being plated, and the silver plating was carried 
on very slowly, so that a fine mirror surface resulted, yet this surface 
was purposely not polished, and all electrolytic surfaces, however fine- 
grained, are undoubtedly granular. Such a surface, being composed of 
little Faraday cages, may reflect very differently from a polished or 
burnished surface. 

The method used in this experiment may be briefly stated here, as it 


1 Puys. REV., 35, 400, I9I2. 
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differs from the methods that have been used by other experimenters and 
is free from the objection to which these methods are open. 

An aluminum plate (Fig. 1) P, 4 cm. in diameter is supported by amber 
in a glass tube 5 cm. in diameter and can be illuminated by a carefully 
diaphragmed narrow beam of ultra-violet light through a fluorite window 
F, the reflected light passing out freely through a side tube T. Opposite 
P is the “reflector’’ R, in this case a silver plated brass disc, which is 
movable along the tube by means of a magnet. The inside of the tube 
is lined with copper foil covered by fine copper gauze, both being black- 
ened with lamp black to diminish reflection. 

When the reflector R is 4 mm. from P (in which position no light 
falls on it) all the electrons from P will strike R, since the beam of 
light is only 2 mm. in diameter and strikes accurately the center of P. 
Part of these will be reflected back to P, and after multiple reflections, 
assuming none escape to the cylinder walls, the net loss by P will be 
N((1 — r)/(1 — rs)) where r is the coefficient of reflection of the reflector 
R, i. e., the fraction of the electrons striking it which it reflects back to 
P, s that of the plate P, and N the total number of electrons leaving P 
in the first place. Where R is drawn back to the farther end of the 
cylinder, 15 cm. from P, only a negligible fraction of the N electrons 
return to P. The number escaping is NV. Hence if s is very small, as 
has usually been found true for aluminum, the ratio of these currents 
from P is 1 — r; if s and r are equal the ratio is 1/(1 + 7). 

Since P, R and the black coating on the cylinder walls were all of 
different material, it was necessary to compensate their contact difference 
of potential. This was determined by the Kelvin capacity method, as 
follows: When R was only I or 2 mm. from P the capacity of P was in- 
fluenced only by R. By small movements of Rit was easy to determine 
within .o1 volt the potential it must have in order that the electrometer 
connected to P should not be disturbed. If R was now moved back 
several centimeters the electrometer was again disturbed, since P was 
no longer screened by R, and its capacity was influenced by the blackened 
walls of the cylinder. Hence by /arge movements of R it was possible 
to ascertain when the cylinder was at the same potential as P, and this 
adjustment could be made within about 0.1 volt. 

When the potentials of the three surfaces had been thus equalized, it 
was found that the electron current from P was the same whether R 
was near or far away, in other words, there was no reflection. 

As a check upon the adjustment of the potentials, the whole enclosure 
was coated with silver by making the silver reflector cathode in a high 
tension discharge for two hours. A determination of the surface poten- 
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tials by the method given above showed that they were all equal within 
0.1 volt. Measurements on reflection again gaye the same result, the 
current from P was independent of the position of R. In this case, since 
both surfaces were silver, we have r = s, and the ratio of the currents from 
P when R is near and far away respectively should be 1/(1 + 7). The 
value actually found differed from unity by less than 1 per cent. 


APPARATUS. 


In the construction of apparatus two objects were especially borne in 
mind: (1) To obtain a beam of electrons as nearly as possible homo- 
geneous with respect to speed and direction. The admixture in the 
beam of reflected and secondary electrons from the walls or edges of 
diaphragms was most to be feared, but it was also anticipated that the 
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Fig. 2. 


shape of the electric field would have a marked effect. To avoid the 
first of these errors, sharp edged diaphragms (D, Fig. 2) in a wide tube 
were used instead of a narrow tube to limit the beam; to study the 
second a “focus plate’’ (F, Fig. 2) was placed between the filament and 
diaphragms. By charging this plate to different potentials, both positive 
and negative, the electric field near the diaphragms could be varied over 
a wide range. A copper ring 7, concentric with the face of the filament 
and connected to its negative terminal, improved the focusing and 
enabled large currents to be obtained even at low voltages. (2) To avoid 
all substances capable of yielding condensible vapors or oils into the 
vacuum. For such oily films not only change the reflecting surface from 
metal to oil, thereby changing entirely its reflecting power, as Norman 
Campbell! has clearly demonstrated, but when bombarded by electrons 
these surfaces assume potentials from 10 to 50 volts above the potential 
of the metal on which they are deposited.” For this reason the apparatus 
was constructed entirely of glass and copper, and after being evacuated 


1 Phil. Mag., 28, 286-302, 1914. 
2 Stuhlmann and Compton, Puys. REv., 2, 199, 1913; Seeliger, Phys. Z., 14, 1237, 1913. 
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was surrounded by an electric furnace and heated to 350° C. for forty- 
eight hours, with the Gaede pump working continually. A tube im- 
mersed in solid carbon di-oxide and ether prevented mercury and oil 
vapors from the pump and McLeod gauge from diffusing into the appa- 
ratus. 

The apparatus is shown in Fig. 2. Electrons from a filament f passed 
through a 6 mm. hole in a copper “focus plate” F, through a series of 
4 mm. holes in the copper diaphragms D, into a copper cylinder C, 5 cm. 
in diameter and 10 cm. long, which was lined with fine copper gauze to 
decrease the reflection of electrons from it... Here they fell upon the 
reflector R, a polished? copper disc, 4 cm. in diameter, which was movable 
along the axis of the cylinder by means of a magnet. A potentiometer 
P enabled filament and focus plate to be charged to any desired potentials, 
and galvanometers G; and G2 measured the currents from reflectors 
and cylinder to eafth. For convenience they were adjusted to the same 
sensitiveness by means of shunt resistance. 


METHOD OF EXPERIMENT. 


The procedure was to connect the negative end of the filament to a 
definite negative potential, which is taken as a measure of the velocity 
of the electrons when they entered the cylinder; charge the focus plate 


TABLE I. 
Reflection of 8-Volt Electrons. 


Potential of focus plate, + 18 volts. Pressure of gas .0006 mm. 











Distance of / ip i, oe (dl CO | eee 
from End of " R, 1? R, a — on. 
Cylinder, Amp. 10—~7+| Amp. x 10~7* | Amp. x 10—7+ -_ Fr ‘Total—p | 
| | , ? Total 
4 200 | 25 | 225 | 00 
6.0 1.59 | 101 | 260 | .20 | 23 
15 2.00 27 2=«| (227 0.0 
25 2.00 34 | 2,34 0.0 | 
50 2.00 43 | 2.43 0.0 
75 1.98 S106} (249 | 01 
1.00 1.95 60 ' 255 | 02 
2.00 1.87 72 2.59 | .07 
3.0 1.79 83 2.62 10 
4.0 1.71 91 2.62 15 
5.0 1.64 1.00 2.64 18 
6.0 1.58 1.06 | 2.64 21 





a 2.02 Pe 2.24 23 


1 Lamp black was avoided on account of contact potential difference. 
2 At the end of the experiment this disc had a dull “‘gray’’ appearance, probably due to a 
deposit of copper distilled from hotter parts of the apparatus during the long heating. 
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to a carefully determined potential;! and measure the currents from 
cylinder C and reflector R to earth for a series of positions of R, ranging 
from I mm. to 6 cm. from the end of the cylinder. The difference 
between the total current 7, 4 + ip 4 at any distance, d, greater than 
4 cm., and the current zz, to R at the distance .1 cm., divided by the 
total current, gives the fraction of the electrons reflected, or the ‘‘coeffi- 


cient of reflection. Tables I. and II. give typical sets of readings which 
are shown graphically in Figs. 3 and 4. 


TABLE II. 


Reflection of 8-Volt Electrons. 











Distance of & ig | a | SS | Slew 
Cylinder, Amp. x 10—7* Amp. x 10—7: | Amp. x 1077: ar ‘Total—Zp | 
| | ate 7 Total 
A 1.35 17 | 1.52 0.0 
6.0 1.20 58 | 41.78 at 24 
4 1.35 18 1.53 0.0 
1.0 1.32 .38 1.70 02 
2.0 1.30 45 1.75 03 
3.0 1.27 50 1.77 06 
4.0 | 1.24 | 52 | 1.76 08 
5.0 1.21 56 | 1.77 10 


| 
—= 
| 
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Fig. 3. Fig. 4. 


EXPERIMENTAL RESULTS. COEFFICIENT OF REFLECTION. 
The final values obtained for the coefficient of reflection are collected 
in Table II., together with the conditions of experiment. The values 


1 The optimum potential for the focus plate had to be determined by a long series of meas- 
urements on the divergence of the electron stream. This is discussed below under “scatter- 
ing.”’ 

2 It is here assumed that all the electrons reflected from R in the 1 mm. position escape. 
The validity of this assumption is discussed below under “‘scattering.”’ 
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for velocities below 50 volts were taken at different times and in varying 
sequences, and represent the maximum variations observed. The low 
values were invariably observed at the beginning of a series, after the 
apparatus had been lying idle over night, and are to be attributed to 
gas adsorbed by the reflecting plate. As this gas is gradually removed by 
the electron bombardment the reflection increases. This effect, generally 
much more marked, has been observed by all experimenters in this field. 
The readings for velocities above 50 volts were taken somewhat hastily, 
as gas was generally evolved by the metal parts of the apparatus under 
the bombardment, and no great accuracy is claimed for them. The last 





VELOCITY OF ELECTRONS IN VOLTS 


Fig. 5. 


Variation of reflection with velocity. 


column gives the amount of “‘scattering’’ of the beam, 7. e., the fraction 
of it which fails to strike the plate when the latter is 6 cm. from the 
last diaphragm. Those experiments in which the scattering was small 
are the more reliable. This is discussed below under “scattering.” 

The variation of reflection with velocity, as given in Table III., is 
shown graphically in Fig. 5. The curve is almost identical with that 
obtained by other investigators for lamp black! and platinum black,? 
and suggests very strongly that the small reflectivity in all these cases 
is due to the microscopic roughness of the surface. The fact that 
aluminum reflects less than other metals* would be accounted for in the 
same way, and the irrecoverable loss in the reflecting power of a platinum 
strip by prolonged heating, observed by Campbell,‘ would be satis- 
factorily explained as the result of crystallization of the platinum. The 
small reflectivity of electrolytic silver observed by the writer (p. 2, 
above) is another instance, and indicates, in harmony with chemical 
data, the extreme ultra-microscopic roughness of such surfaces compared 
with burnished surfaces. It is to be anticipated that for receiving 

1 Gehrts, 1. c., p. (1005). 

2 Von Baeyer, I. c., p. (965). 


3 Von Baeyer, I. c., p. (965). 
‘N. Campbell, Phil. Mag., 28, 286, 1914. 














ALBERT W. HULL. 


TABLE III. 


Variation of Reflection with Velocity. 











8 
-,. | Potential of 
pmo a Py —— 
.00015 0.4 +5 
.00013 0.4 43 
.00015 0.4 + § 
.00013 1.0 +5 
.00035 10 | +5 
.00035 10 | 45 
.00038 ‘ao: 423 
.00038 10 | +3 
.00050 3.0 | —2 
.00052 a0 | =2 
,00052 6 | =2 
.00052 5.0 | ~ os 
.00023 50 | — 3.5 
.00023 5.0 | — 40 
.00060 5.0 | +412 
.00023 8.0 | =» 7 
.00016 80 | —7 
00018 80 | —7 
.00020 80 | —7 
.00026 8.0 | 
.00060 8.0 = 
.00060 8.0 +18 
.00060 8.0 +18 
.00018 15 —14 
.00018 20 —19 
.00018 30 —29 
.00018 40 —35 
.00018 50 —43 
.00016 50 0 
.00016 50 0 
.00016 60 0 
.00016 80 0 
00016 | 100 | 0 
omen | $05 0 
ame | 80D 0 
om | O00 | 0 
me | 2 0 











ipatrCm. | ? co at | 


Amp. X10*. | amp.x 1078. 


3.29 








2.93 | | 
2.85 | 3.19 | 
3.29 | 3.64 | 
2.45 | 2.90 | 
3.30 | 3.85 
3.40 | 4.10 
1.82 | 2.12 
1.86 | 2.20 
| 
3.22 | 4.17 
3.01 | 3.90 | 
3.10 | 4.00 | 
| | 
7.96 | 10.39 
8.20 | 10.65 
6.35 | 8.10 
8.8 | 11.1 
8.00 | 11.23 
14.2 | 18.6 | 
4.1 | 187 | 
135 | 178 ~~ | 
13.0 16.7 | 
14.9 194 | 
20.2 26.4 
20.0 26.0 | 
17.0 2.8 | 
18.0 25.7 | 
19.1 29.8 
117 185 
159 | 269 | 
21.6 | 363 
21.8 37.9 | 
53.0 | 103 | 
36.9 | 74.5 
20.9 | 46.1 
8.6 | 27.0 
7.8 | 19.5 
6.1 | 14.6 
11.2 | 30.7 


Coefficient of 


Reflection. 


Mean 


Mean 


Mean 


Mean 


Mean 


Mean 


Mean 


.106 
.107 
.098 
.104 
155 
.160 
.170 
.147 
.154 
.157 
.225 
| 
Be 
.226 
.230 
.230 
.216 
.203 
Mean. 
.26 
25 
25 
.245 
Pe 
.23 
.235 
.230 
.240 
-26 
.28 
.36 
37 
41 
.40 
42 
41 
49 
| 
55 


.68 
.60 
.64 


59 
63 
61 


220 
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15 
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26 
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electrodes in photo-electric and other similar experiments a surface 
formed by vacuum distillation or a fine-grained electrolytic deposit 
would be quite as good a “black body”’ for absorbing electrons as soot 
or platinum black. 

VELOCITY DISTRIBUTION. 

It is important to know what fraction of electrons in the beam de 
nominated ‘1 volt’’ in the above table actually had that velocity. 
This was investigated in the usual manner by charging the reflecting 
plate to different negative potentials and observing how many electrons 


4é 


CURRENT TO REFLECTOR 





AE TAROING POTENTIAL OF REFLECTOR VATS RETHROING POTENTIAL OF REFLECTOR -VOLTS 
Fig. 6. Fig. 7. 
Velocity distribution of 1-volt electrons. Velocity distribution of 3-volt electrons. 


were able to reach it. For most of these measurements the plate was 
brought close to the end of the cylinder at which the electrons entered 
(the “1 mm.” position). But for low velocities these measurements 





RETAROING POTENTIAL OF REFLECTOR-VOLTS RETAROING POTENTIAL OF REFLECTOR VOLTS 
Fig. 8. Fig. 9. 
Velocity distribution of 8-volt electrons. Velocity distribution of 50-volt electrons. 


Curve I., reflector alone at retarding poten- 
tial. Curve II., both reflector and cylinder 
at retarding potential. 
were checked by others in which the plate was at the other end of the 
cylinder, and the total current to plate and cylinder observed. The 
two methods gave identical results. For high velocities the latter 
method could not be used on account of the insufficient insulation of 
the cylinder. 
The results are shown in Figs. 6 to 9. The homogeneity of the beams 
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is very satisfactory, especially at the lower velocities. This is in striking 
contrast to the velocity distribution (Fig. 12) in the preliminary experi- 
ments when mercury vapor (about .oo1 mm.) was present, which is dis- 
cussed below under ‘Delta Rays.’’ The curves for 50-volt electrons 
are very remarkable. They show the paradoxical fact that a plate upon 
which electrons fall receives more electrons the more negatively it is 
charged with respect to its surroundings. The same is evident in Fig. 
7 for 3-volt electrons, and is still more strikingly shown in the curves 


CURRENT 


{jj} 
ees 





“30 
RETAROING POTENTIAL VOLTS 
Fig. 10. 
Velocity distribution of 50-volt electrons. Curve I., reflecting plate alone charged to retarding 
potential; Curve II., both reflector and cylinder at retarding potential. 


of Fig. 10, where the plate was at the far end of the cylinder. It is 
readily explained by the change of ‘reflection coefficient’’ with velocity, 
and is a striking demonstration of the reality of this change. Curve 2, 
Fig. 10, is especially convincing, as here all influences, including surface 
leakage over the glass insulation, which becomes considerable at high 
negative potentials of the plate, combine to decrease the number of 
electrons striking the plate. Yet when the plate is 47 volts negative it 
still receives more electrons than when it is at zero potential. 


SCATTERING. 


The method employed in these experiments assumes a nearly cylin- 
drical beam, and it is important to know to what extent this condition 
was fulfilled. If the electrons move in straight lines after entering the 
system of diaphragms the cone of rays emerging should have an angle of 
only 11°. Its maximum diameter, after travelling 6 cm. in the chamber, 
would be 1.5 cm. Thus the whole beam ought to strike the 4 cm. plate 
at all times, and the current received by the plate should be constant. 
The data given in the last column of Table IIT. show that this was never 
the case, a fact which must now be accounted for. 

This ‘scattering’? of a beam of slow-moving electrons has been 
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observed by all experimenters, and is generally attributed to the effect 
of gas-molecules. As the calculated mean free path is often large 
compared with the dimensions of the apparatus, it has been necessary 
to assume a special attraction between molecule and electron, which can 
be effective at distances much greater than the “radius of molecular 
action.’’ There are, however, three other very plausible explanations 
of this scattering, viz., (2) mutual repulsion of the electrons in the beam; 
(3) divergence of the beam caused by the strong electrostatic field near 
the edges of the diaphragms; (4) multiple reflections of electrons between 
the reflector and cylinder. 

Two facts speak very strongly against the first explanation, that of 
scattering by gas molecules, namely, that the observed scattering was 
independent of gas pressure from .12 to .65 uw, and that it was greater 
for fast electrons than for slow ones (Table III., columns 1, 2 and 7). 

The scattering due to mutual repulsion can be calculated approxi- 
mately. Assume a cylindrical beam of radius R and uniform density p. 
The electric intensity at the edge of the beam is given by’ Poisson’s 


equation, 
£ (,2¥) 
dr\" dr} ~~ 47°F: 
which gives 
) 21 
(7, 2 a 
since 
—. 
- Rv, 


where 7 is the total current, and v the velocity of the electrons. For small 
displacements 6r, this force will be sensibly constant, so that 


where x is the distance travelled parallel to the axis of the beam, and 6r 
the radial displacement of an electron on the edge of the beam. This 
gives an upper limit for 67, since an increase in the diameter of the beam 
and a decrease in its density near the edge, as compared with the center, 
will both have the effect of decreasing dV/dr at the edge. 

For the 3 volt electrons of Table III., 7 = 1077 amp., v = 10° cm./sec., 
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R= .2, x = 6, which gives 6r < .028 cm. For the 1 volt electrons, 
v = 6 X 10’, 1 = 4 X 10-8 amp., hence 6r < .053 cm. In the case of 
the .4 volt electrons the reflecting plate was charged to — .6 volt. The 
electrons entered the chamber at 1 volt velocity, and travelled the 
greater part of its length at this velocity so that the spreading would be 
not very different from that calculated for the 1-volt electrons. Thus 
in all the above experiments the scattering due to this cause was negligible. 

The effect of the electric field near the edges of the diaphragms is hard 
to calculate, but it can be studied experimentally by varying the potential 
of the focus plate. When the focus plate is at zero or negative potential, 
the electric field near the edges of the diaphragms, which are always 
earthed, is an accelerating one for electrons; when the focus plate is 
positive this field is a retarding one for electrons. In the first case the 
field will tend to make the beam divergent, in the second case convergent. 
Hence if there is any scattering due to this cause it should be greater in 


TABLE IV. 


Effect of Focusing Upon Reflection and Scattering. 





ST saan a R . 
Velocity of! Potentialof Distance of X “R 2¢ 





| 7 Total | Per- Per- 
Electrons.| Focus Plate. from End of Amp. Amp. Amp. centage centage 
Volts. Volts. Cylinder, Cm. x 10-7, x 10-7, | x<10-7, Reflection. Scattering 
50 0 6 | 1.60 | 2.25 | 3.85 | 
24 “ sa | 2.34 69 § 3.03 | 
# ” 5 1.67 | 2.20 3.87 | 
| 39.3 32 
50 —2 2 1.61 2.72 4.33 
. . 1 | 234 | 63 | 297 | 
“i - 6 1.51 | 2.80 4.31 | 
“ “ 1 =| 2.32 60 2.92 | 
46 35 
50 0 P| 2.35 | .60 2.95 | 
" “ 6 | 1.60 2.30 3.90 | 
= ™ | | 2.36 59 2.95 | 
| | 39.7 32 
50 0 a 2.47 .60 3.07 
= ” 6 | 1.64 2.39 4.03 
- - ok | 2.42 .70 3.12 
39.3 33 
50 —2 Be | 2.40 | .60 3.00 
° 6 | 1.30 2.94 4.50 
46.6 35 





the first case than in the second. This was found to be true. When 
the scattering was large both it and the calculated coefficient of reflection 
depended very much on the potential of the focus plate. Table IV. 
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gives a series of readings with 50-volt electrons, where a change of 2 volts 
in the potential of the focus plate made a change from 32 per cent. to 
35 per cent. in the scattering, and from 39 per cent. to 46 per cent. in the 
reflection coefficient. This is an extreme case and shows how serious the 
scattering due to this cause can be. In the final experiments this source 
of error was largely avoided by adjusting the potential of the focus plate 
until the scattering was a minimum, and in most cases quite small. 
There were in general two potentials of the focus plate, one positive and 
one negative, which satisfied this condition, and both gave the same value 
for the coefficient of reflection. Tables I. and II. are excellent examples, 
where for 8-volt electrons, changing the focus potential from + 18 to 
— 7 had no effect on the value found for reflection. In Tables I., II. 
and III. the values of scattering, measured by the percentage difference 
(i. — %)/2.1 in the current to the plate at I mm. and 6 cm. distance 
respectively, is given as a measure of the reliability of the results. 

The fourth explanation mentioned above, multiple reflection between 
the plate and cylinder, is probably responsible for the residual 10 per cent. 











Fig. 11. 


apparent scattering at low velocities which was the minimum that could 
be obtained by focusing, and for the large values at high velocities. For 
if there is reflection at all velocities, then some of the electrons reflected 
from the plate to the cylinder walls will be re-reflected, and the fraction 
of these twice-reflected electrons that strikes the plate will be greater 
when the plate is near the closed end of the cylinder than when it is 6 cm. 
back. An estimate of the difference to be expected can be easily obtained 
if we assume, as has been shown to be at least very nearly true, that the 
reflected electrons leave the plate with random directions, that is, are 
distributed, as regards direction, uniformly over the whole hemisphere. 

Let No be the number of electrons striking the reflecting plate, p the 
coefficient of reflection of the plate, and p’ that of cylinder walls. If the 
primary beam is narrow the number of electrons which, after reflection 
from the plate, strikes the end of the cylinder (Fig. 11) in the circular 
zone between r and r+ dr is (pNocos 6rdr)/(r? + L*?). Of these the 
fraction that is re-reflected and strikes the plate again is (p’A cos @)/ 
(2x(r? + L?)) approximately where A is the area of the plate. Hence the 
total number returned to the plate by the zone between r and r + dr is 
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pp ’NoA cos? 6rdr _ pp’ NvAL*rdr 
2n(r2 + L*)? — an(r? + L?)8 





and the total number returned by the end of the cylinder is 


NI = pp’ NAL? t rdr a ee MAT 2 ms iL’ | 
_ 2r » (2+ L)3 Sir PP (22+ Rk)? 


Similarly the number returned to the plate by the element of the cylin- 
drical surface between / and / + di is 
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and the total number returned to the plate by the cylindrical surface is 


yr — PP NoAR? aot & pp! NoA 
N. a 


ao. 8a pat 





The total number of electrons returned to the plate by reflection from 
both the end and the cylindrical surface is therefore 


yi. ae re = OA (Et a) 
N'=N/ +N, = zs +i ~ Rae): 





Substituting the values of A and R from the dimensions of the apparatus, 
and taking p = p’ = .25, we have 

for L = 1 cm., N,’ = .05 No; 

for L = 6cm., Ng’ = .008 No. 


Hence the reflecting plate will show a current about 4 per cent. smaller 
when it is 6 cm. from the end of the cylinder than when it is 1 cm. from 
the end, which is not far from the value observed in the best experiments. 


If p = p’ = .50 then 
Nj’ = .12 No, 


Ne’ = .02 No. 


In this case the current to the plate should decrease 10 per cent. in 
moving from 1 to 6 cm.! 


1 No account has been taken of multiple reflections of higher order, which, however, 
become very important when the reflection coefficient is large. If the plate is not too large 
in comparison with the cylinder, so that the solid angles subtended at a point on the plate by 
the elements of area of the cylinder are approximately the same for all points on the plate, 
then the number of electrons returned by the cylinder to the plate at the second reflection 
will obey the same law as for the first reflection, and we shall have, denoting the multiplier 
of No in the equation for N’ above by a, N‘ = No; N” =aN’; N’” = GN", etc., and the 
net current received by the plate will be 


N 
N=Not+N+N"4+N"+4+... =M(r1tot+oer+a34+...) = : 


I—-o 
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DELTA Rays. 


In the preliminary experiments, in which mercury vapor was not 
excluded from the apparatus, large currents were obtained of electrons 
of ‘‘zero velocity,” that is, when the receiving plate and cylinder were 
at the same potential as the most negative end of the filament, the focus 
plate alone being at a positive potential. The electrons from the filament 
were thus accelerated as they approached the focus plate, retarded as 
they left it, and reached the cylinder with only their initial velocity of 
thermal emission. When the velocity distribution of these electrons 
was measured, it was found that a very considerable fraction of them 
had velocities as high as 9 volts. Tables V. and VI. give the observed 


TABLE V. 
Velocity Distribution of *‘ Zero-Volt’’ Electrons. 


Distance of reflector from end of cylinder 1 mm. Potential of focus plate 12.4 volts. 
Reflector alone charged to retarding potential. Gas pressure .00025 mm. + Hg at 16° C, 


ate! Galoster. ig Senp.x 10". ?, Amp.x 1077, ? x Per Cent. 

° 5.20 50 1.00 
1 4.75 .60 91 
2 4.12 82 79 
3 cm 1.13 64 
4 2.60 1.40 50 
5 1.90 1.68 365 
6° 2 1.92 236 
7 72 2.42 .138 
8 a 2.13 .048 
9 .09 2.07 017 

10 0 1.95 0 

0 5.23 50 


distribution. In the first the retarding potential was applied through 
the galvanometer to the plate alone, which was placed close to the opening 
of the cylinder; in the second the plate was at the far end of the cylinder 
and connected to it, and the current to both measured at the correspond- 
ing potentials. Fig. 12 shows this distribution graphically. 

As these velocities are very much higher than could be accounted for 
by thermal emission, great care was taken to make sure their reality. 
Many similar series of readings were taken under widely varying condi- 
tions. Currents were obtained with the negative end of the filaments 
at — 6 volts, all other parts of the apparatus except the focus plate being 
earthed, and the velocity distribution of these was similar to that of Fig. 
12. The maximum velocity could be increased by increasing the poten- 
tial of the focus plate, but was always smaller, measured in volts, than 
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TABLE VI. 


Velocity Distribution of ‘‘ Zero-Volt” Electrons. 
Distance of reflector from end of cylinder 1 mm. Potential of focus plate 12.4 volts. 
Reflector and cylinder both charged to retarding potential. Gas pressure .00025 mm. + Hg 
at 16° C. 





—~: sate — | i Total Amp. X 10-7, 7 Total Per Cent. 
0 6.80 | 1.00 
1 6.31 .93 
2 5.62 .83 
3 | 4.71 69 
° 4 3.70 -542 
5 2.76 -406 
6 1.90 .280 
7 | 1.12 164 
8 48 .070 
9 .10 .015 
10 —.09 —.014 
0 


6.80 _ | 1.00 





that potential. Such sources of error as surface leakage were, of course, 
carefully investigated, and it was easily proven, by changing the tem- 
perature of the filament, that the electrons came, directly or indirectly, 
from the hot filament. 

The best evidence regarding the nature, as well as the reality, of these 
high velocity electrons, is that they entirely disappeared when the U tube 


RELATIVE CURRENT 





RETAROING POTENTIAL VATS 


Fig. 12. 


Velocity distribution of “‘zero-volt”’ electrons. Curve I., reflecting plate alone at retarding 
potential. Curve II., both reflector and cylinder at retarding potential. 


leading to the pump was immersed in solid carbon di-oxide and ether. 
They are evidently delta rays, produced at the filament by the bombard- 
ment of the mercury ions. There is no record, so far as I am aware, of 
the production of such relatively high speed delta rays by the impact of 
slow positive ions, though they have been observed by Dr. Langmuir 
in some experiments not yet published. The most striking characteristic 
of these rays is that their maximum initial energy, 9 volts, is nearly the 
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same as that (12.4 volts) of the ions which produce them, which suggests that 
the interchange of energy between ions and electrons, as well as that 
between electrons and radiation, may be governed by quantum relations. 
An initial energy greater than that of the ions, such as would violate this 
law, was never observed. 

CONCLUSION. 

The electron reflection from a copper surface roughened by prolonged 
heating at 350° C. in vacuum is, like that of electrolytic silver, very 
small, being only 10 per cent. for electrons having a velocity of 4/10 volt. 
This is explained by the extreme ultra-microscopic roughness of these 
surfaces. Such surfaces should make excellent electric ‘‘black bodies’’ 
for receiving electron currents. 

The scattering of a beam of slow-moving electrons has been shown 
to be due to deflection by strong electric field, and multiple reflection 
between the plate and its surroundings, rather than to gas molecules or 
mutual repulsion of the electrons. 

Delta rays have been produced by mercury ions which have fallen 
through only 12.4 volts. The energy of the fastest of these delta rays 
is approximately the same as that of the ions, suggesting that the energy 
exchanges between ion and electron are governed by quantum relations. 

These experiments were made at the physical laboratory of the 
Worcester Polytechnic Institute during the winter of 1913-14. Further 
experiments are in progress at the research laboratory of the General 
Electric Company, and will be reported in the near future. 
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EINSTEIN’S PHOTOELECTRIC EQUATION AND CONTACT 
ELECTROMOTIVE FORCE. 


By R. A. MILLIKAN. 


§ 1. INTRODUCTORY. 


INSTEIN’S photoelectric equation for the maximum energy of 
emission of a negative electron under the influence of ultra-violet 
light, namely, 

lomv? = Ve = hv — p (1) 
cannot in my judgment be looked upon at present as resting upon any 
sort of a satisfactory theoretical foundation. Its credentials are thus 
far purely empirical, but it is an equation which, if correct, is certainly 
destined to play a scarcely less important réle in the future development 
of the relations between radiant electromagnetic energy and thermal 

energy than Maxwell’s equations have played in the past. 

I have in recent years been subjecting this equation to some searching 
experimental tests from a variety of viewpoints and have been led to the 
conclusion that, whatever its origin, it actually represents very accurately 
the behavior, as to both photoelectric and contact E.M.F. relations, of 
all the substances with which I have worked. The precision which I 
have been able to attain in these tests has been due to the following 
precautions. 

1. | have made simultaneous measurements in extreme vacua of 
photo-currents and contact E.M.F.’s and have thus been able to eliminate 
the considerable influence which these latter have on photo-potentials. 

2. I have worked with surfaces newly formed in extreme vacua and 
with very large photo-currents of saturation value of the order 20,000 
scale divisions in 30 secs. so that I have thus been able to locate the inter- 
cept of the photo-current curve on the PD axis with much precision. 

3. I have used substances which are photo-sensitive practically through- 
out the whole length of the visible spectrum and have thus been able 
to use a large range of wave-lengths all of which were above the long 
wave-length limit of the receiving Faraday cylinder—a matter of no 
little importance. 

4. I have, with the aid of filters, carefully chosen for the principal 
lines of the mercury spectrum, eliminated from the photo-current- 
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potential curves corresponding to the longer wave-lengths, the effects of 

the scattered short wave-length light, which not infrequently falsifies 
| entirely the shape of these curves in the neighborhood of the intercept 
on the potential axis. 

My coriclusions, however, reported briefly last year’ and this® are 
directly at variance with results recently reported in a very notable 
paper by Ramsauer* who finds that there is no definite maximum velocity 
of emission of corpuscles from metals under the influence of ultra violet 
light. Before considering, then, any of the theoretical consequences of 
Einstein’s equation it is necessary to first present such evidence as exists 
for believing that, in spite of Ramsauer’s results, there is in fact a definite 
and accurately determinable maximum velocity of emission for each 
exciting wave-length. 


§ 2. PROOF OF THE EXISTENCE OF A MAXIMUM ENERGY OF EMISSION OF 
PHOTOELECTRONS AND DISCUSSION OF RAMSAUER’S EXPERIMENTS. 

Ramsauer’s method is notable in that he makes the first direct measure- 
ment by a magnetic deflection, of the velocity of emission of photo- 
corpuscles. By this method he is able to choose those corpuscles which 
emerge in one particular direction only, for example, the direction of the 
normal to the surface, and he finds that these have a certain distribution 
about a most frequent value. This distribution he finds the same for 
all wave-lengths of the incident light, for all substances, and for all 
angles of emission. His source, like Kadesch’s, and like my own in much 
of my former work, is a powerful condensed spark between zinc electrodes. 
This source I discarded in my most recent tests on Einstein’s equation 
because the mercury arc was found to give greater reliability in the 
settings and to have greater monochromatism in its lines. 

The substances which Ramsauer studies are gold, brass, zinc and 
carbon. His range of wave-lengths, obtained with a quartz spectrometer, 
is quite narrow, being the same as that used by Hughes, namely, from 
186 wu to 256 uu for gold, and 186 uy to 334 wu for zinc. As is well 
known lines of wave-length below 220 uy pass with great difficulty 
through a quartz spectrometer. Ramsauer further works quite largely 
with waves which are shorter than the long wave-length limit of his 
receiving surface, and in fact his corrections for “‘falsches licht’’ (this 
term actually covers several different effects such as the emission of 
corpuscles from the illuminated surface itself by stray light, and the 
emission of corpuscles from the surrounding walls by light reflected to 


1 Puys. REv., IV., p. 73, ’14. 
? Puys. REv., VI., p. 55, ‘15. 


3 Ann. der Phys., 45, p. 1120, 1914. Also 45, p. 961. 
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them from the illuminated surface) are very large, amounting to as much 
as 1/10 of the maximum photo-currents. This seems to me to rob the 
lower parts of his velocity distribution curves of practically all signifi- 
cance. His procedure differs from mine most vitally in that while I 
measure very precisely, as I think, the maximum velocity of emission 
he measures instead the most frequent velocity of emission. This was 
the quantity from which Richardson and Compton! drew most of their 
conclusions and upon which they placed their chief reliance, though their 
method of obtaining it differed from Ramsauer’s. 

In his results Ramsauer agrees with Richardson and Compton in 
finding this most frequent velocity (expressed in energy units) a linear 
function of the frequency and in finding that the long wave-length 
limit is given by the intercept of this line on the frequency axis. Ques- 
tion may be raised regarding the certainty with which Richardson and 
Compton could determine this intercept, since its location involves the 
contact E.M.F. and they made no contact E.M.F. measurements in 
vacuo. Ramsauer eliminates contact E.M.F. entirely by surrounding 
the emitting surface by walls of the same metal as the emitter itself. 
He agrees with Richardson and Compton! also in finding the slopes of 
the volt-frequency lines differing among themselves by 20 or more per 
cent. and like Richardson and Compton he finds these slopes all lower 
than h/e by large per cents., which vary in his case, from 35 to 50 per cent. 
None of these results so far are at variance either with my work or with 
Einstein’s equation, for measurements on the most probable velocity of 
emission are not capable of furnishing a test of Einstein’s equation. 

But Ramsauer’s results are at variance with mine and with Einstein’s 
equation in that he finds no definite maximum velocity of emission at all 
for when he plots energies of emission as ordinates and deflecting magnetic 
field strengths as abscisse he finds these curves run off asymptotically 
to the axis of abscisse. In my judgment this is because the “falsches 
licht”’ errors mask entirely the phenomenon under investigation in the 
region corresponding to the lower parts of his velocity distribution 
curves. My own experiments seem to me approximately 1,000 times 
better adapted to the testing of this point than are Ramsauer’s, since my 
maximum currents are about 1,000 times larger than his, as measured 
in scale divisions of deflection, and if his distribution curve is the correct 
one, I should obtain very large currents at potentials at which, in fact, 
I get none at all. Thus in the case of the mercury lines 2535A, if the 
potential applied to my lithium surface was .o2 volt to the left of the 
intercept shown in Fig. 1, there was not a trace of deflection in 30 seconds. 


1 Phil. Mag., 24, p. 572, 1912. 
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But with lines 5461 and 4337 in the case of sodium, and line 4339 in 
the case of lithium, although I used a Hilgar monochromator and a 
narrow slit (.or inch) I did obtain definite indications of deflections 
due to stray short-wave-length light, which, however, disappeared 
entirely as soon as I used filters which cut out all lines of shorter wave-length 
than that under examination. Fig. 1 furnishes a very good illustration of 
this effect. Without a filter the curves corresponding to line 4339 
seemed to approach the axis asymptotically, as in Ramsauer’s experi- 
ments (note the curve marked I.), but with a filter of zsculin in a glass 
trough which cut out entirely all lines below 4339 including the strong 
adjacent line 4047, the asymptotic character disappeared completely 
and the curve shot suddenly into the axis and gave no indications what- 
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Fig. 1. 
ever of deflections either at — .6 or at — .7 with volts (see Fig. 1). 


The curves shown in the figure and a great many other similar ones 
which I have taken seem to me to establish beyond question the conten- 
tion that there is a definite maximum velocity of emission of corpuscles 
from a metal under the influence of ultra-violet light, or, in other words, 
that the curves due to a particular spectral line do plunge sharply 
into the potential axis and do not approach it asymptotically. 

The work on the photoelectric determination of h will be reported more 
fully in another paper but the data furnished in Fig. 1 suffices to deter- 
mine h from lithium with no little precision. Thus, since the frequencies 
of 2535 and 4339 are 118.2 X 10% and 69.1 X 10" respectively, we see 
from the intercepts of the figure that the slope 
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The error here can scarcely exceed .02 volt in 2 volts or 1 per cent. 

The second conclusion of Ramsauer’s which seems at variance with 
Einstein’s equation is that each corpuscle liberated by a given wave- 
length does not leave the atom with a constant energy but that a given 
wave-length may liberate corpuscles from a given kind of atom with a 
large range of energies. But if the p in Einstein’s equation is indeed 
a characteristic constant of the material as he assumed it to be, then 
the corpuscles are all expelled from the atom with a constant speed and 
any differences which may be shown by the velocities of the corpuscles 
which have escaped from the surface of the metal at a given angle are 
due to differences in the retardations which they have encountered in 
getting out from different depths beneath the surface. Ramsauer, how- 
ever, concludes from the fact that he apparently gets the same curve of 
distribution of velocities for all wave-lengths and for all angles of emis- 
sion that his observed external distribution of velocities is the same as the 
“internal distribution,” that is that the corpuscles are emitted from the 
atoms themselves with precisely the same distribution of speeds as that 
which he measures outside the metal. 

Now I am not at all convinced that Ramsauer’s results actually do 
show that the distribution of velocities is the same for different wave- 
lengths, for the range of wave-lengths (185 uu to 256 up» for gold) seems 
to me too small and the experimental uncertainties too large to permit 
of such a conclusion. According to his own statement the curve corre- 
sponding to 256 uy, is badly falsified by stray short-wave-length light 
(the maximum deflections obtained with this wave-length were but 17 
mm. as against the 20,000 mm. which I have used in my work with 
sodium). The same is true of all his curves corresponding to the longer 
wave-lengths. The point in question could be convincingly tested only 
by using widely different wave-lengths like those corresponding to the 
lines 2535 and 5461 as I have done in the work with sodium. 

Secondly, even if the large experimental uncertainties should be reduced 
10 times, and the distribution of velocities for different wave-lengths and 
different angles then shown to be the same, I should still consider 
Ramsauer’s argument for the identity of the external and internal 
distribution of velocites to be quite unconvincing. For even though the 
corpuscles make perfectly elastic impact with the atoms, as Ramsauer 
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assumes, according to the Maxwell-Boltzmann law their energy of 
agitation must decrease continually with successive impacts until they 
are in temperature equilibrium with the atoms. In other words the 
corpuscles which have made many impacts before emerging in a given 
direction must have a smaller velocity than those which have made few. 
And as a matter of fact Ramsauer’s observed velocity distribution curve, 
ignoring the asymptotic portion, is one which differs from all his suggested 
energy distribution curves in being too steep on the high velocity side 
just as would be the case if all the corpuscles had started with a common 
velocity and only those which came from appreciable depths beneath 
the surface had fallen below this velocity. 

Thirdly Ramsauer in identifying the internal and external distribution 
of velocities appears to me to overlook the fact that the mere phenomenon 
of a free charge remaining on a charged conductor necessitates the 
existence of a surface force which prevents its escape. This is the force 
which Helmholtz conceived of as arising from “the specific attraction of 
matter for electricity.” It is not a force which in any way impedes the 
free movement of electricity over or through the conductor, else the body 
would not act like a conductor, and it is with conductors alone that we 
are here concerned. The force considered is then one which acts on the 
conduction electrons, that is, on the so-called free electrons as dis- 
tinguished from those which are permanent constituents of the atoms. 
Hence, even after an electron has escaped from the interior of an atom 
it cannot escape from the metal until this force is overcome. It is 
this force which is responsible for about 999 thousandths of the contact 
E.M.F. which we measure between metals. The other thousandth, 
measured by the Peltier effect, has a kinetic, instead of a static, origin, 
These relations have been the occasion of much confusion among writers 
on contact effects, though they have been stated with admirable clear- 
ness by Kelvin, Helmholtz and others.! | 

I am inclined to think then that neither, Ramsauer’s\of new conclusions, 
(1) that there is no definite maximum energy of emission and (2) that 
the external and internal distribution of velocities are the same can, 
possibly stand. At any rate the correctness of the second has in no 
way been demonstrated, while the incorrectness of the first seems to me 
to have been established. 


§ 3. THE RELATION oF ContTAcT E.M.F. AND EINSTEIN’s EQUATION. 
The precise tests which I have reported of Einstein’s equation consist 
in showing (1) that there is a very exact linear relation between the 


1A remarkably lucid presentation is found in Wiillner’s Experimental Physik, Vol. III., 
Pp. 736-755. See also Kelvin, Phil. Mag., 46, p. 82, 1898. 
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maximum P.D. and the frequency, (2) that the slope of this line yields 
very accurately Planck’s h, and (3) that the intercept of this line on the 
frequency axis is the frequency at which the metal first becomes photo- 
sensitive. In order to test this last point it was necessary to displace in 
the direction of positive potentials the observed P.D.v. line by the exact 
amount of the measured contact E.M.F. When this was done the 
observed long wave-length limit, as directly determined, agreed quite 
accurately with the intercept (see Fig. 2). This means that in Einstein’s 
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equation p represents not the amount of work necessary to remove the 
corpuscle entirely frorh the influence of the metal, that is, to carry it 
out beyond the influence of the latter’s contact field, but rather the work 
necessary to just free it from the surface so that a relatively large accel- 
erating field can then remove it, for it is in just this way that we actually 
make the test. The quantity p, then, is the work necessary to just 
detach a corpuscle from the surface of the metal and we have, by putting 
in (1)v =0 

pb = hr. (3) 
Now since both the independence of photo-emission upon temperature, 
and also the fact that gases show the photo-effect, indicate that the 
electrons which are ejected by light from metals are not the free electrons 
of the metal, but rather electrons which are constituents of the atoms, 
we would naturally consider p as made up of two parts, (1) the work ?; 
necesary to detach the electron from its parent atom and make it a free 
electron of the metal, and (2) the work #2 necessary to detach this free, or 
conduction, electron from the surface of the metal. 
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If we consider two opposed metal surfaces, for example one of 
pure zinc and one of pure copper separated only by the ether, and 
imagine that they have been put initially into the same electrical condi- 
tion, so that no electrical field exists between them, then if a wire of 
copper be run from the copper plate to the zinc plate, we find by experi- 
ment that upon making contact an electric field is established between 
the plates. We say that the P.D. which now exists has arisen because 
of a contact E.M.F. at the junction of copper and zinc which causes an 
electrical flow from copper to zinc until equilibrium is set up, and we 
measure this contact E.M.F. by the observed P.D. which it creates, taken 
of course with the opposite sign. By definition then the contact E.M.F. 
is the amount of work which, before any electrical field exists, would be 
required to transfer one unit of free positive electricity from the zinc 
over to the copper against the superior attraction of zinc for this unit. 
After the contact has been made and equilibrium set up, it, of course, 
requires no work to carry electricity across the zinc-copper junction other 
than that represented by the Peltier effect, which has another cause and 
is of an altogether different order of magnitude. Writing then the 
above definition in symbols we have 


Contact E.M.F. = Pew fe ; (4) 


in which 2 relates to the zinc and ’2 to the copper. 
If, as in the case we are considering, e is negative, then this contact 
E.M.F. is negative. Now if we write for each of any two opposed metals 


hvo =p _ (pi + peo) 
(pi’ + pr’) 


and 
h vo = p’ 


and subtract we obtain 
hvo — hyo’ = (pi — pr’) + (po — pr’) (5) 
which in view of (4) becomes 
hvo — hv _ (pi ie pr’) 


Contact E.M.F. = ; ® (6) 


an expression which shows that Einstein’s equation does not at all 
demand that the contact E.M.F., even between two pure metals, be 
equal to the difference between the frequencies corresponding to long 
wave-length limits of the two metals multiplied by h/e. If this latter rela- 
tion is found by experiment to hold for any two metals it is an exceed- 
ingly interesting and important fact which, however, has no bearing on 
the validity or invalidity of Einstein’s equation. If this equation is 
correct such a result would simply mean that (pf, — ,’) = 0 which in 
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turn might mean that the energy of escape of the corpuscle from the 
atom is always equal to hv, the absorbed energy being, contrary to the 
physical theory which guided Einstein, greater than hy or it might mean 
that, though the absorbed energy is but hy, the works necessary to detach 
corpuscles from the atoms of the two metals are the same, or that these 
works are both so small in comparison with the works necessary to detach 
conduction electrons from metallic surfaces that (f; — p;’) is in any 
case negligible in comparison with (pf. — p»’). 

Now the experimental situation is as follows: Richardson and Comp- 
ton,! although they made their contact E.M.F. and their photoelectric 
measurements under different conditions, namely the former in air and 
the latter in vacuo, yet found that for any two metals h/e(vp — v0’) was 
at least of the same order of magnitude as the contact E.M.F. between 
these same two metals, and last year I also found that in the case of 
sodium and copper oxide, while the measured contact P.D. between them 
was 2.51 volts, h/e times the difference in the frcquencies correspond- 
ing to the long wave-length limits was 2.79 volts, a result which seemed 
almost near enough to be in accord with Richardson and Compton’s con- 
clusion. Furthermore if Einstein’s equation is correct, this conclusion 
can be tested very accurately without any contact potential measurement 
at all by a method which has already been tried a number of times, 
though the results have been quite discordant, and so far as I know the 
relation of the result to contact E.M.F. has not been clearly pointed out. 
This relation appears at once as soon as we determine just what are the 
demands which Einstein’s equation imposes on contact E.M.F. 

Consider a corpuscle ejected from any conducting surface by light of 
frequency v into a Faraday cylinder made for example of a metal more 
electronegative than the emittor. Then, if the corpuscle is to be brought 
to rest just as it reaches the wall of the Faraday cylinder, the energy 
of ejection must just equal the work done against the applied positive 
potential plus the contact potential and this by Einstein’s equation is 
equal to hv — p. Thus denoting by Vo the observed maximum positive 
potential, and by K the contact E.M.F. between the Faraday cylinder 
and the emittor, and remembering that » = hyo in which, if the emitting 
surface is inhomogeneous vo is the long wave-length limit of the most 
electropositive element in the surface, that is, the element which loses 
negative electrons most easily, we have 


Yomv? = (Vo + K)e = hv — ho. 


Writing a similar equation for an electron ejected by light of the same 


1 Phil. Mag., 24, p. 592, I912. 
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frequency from the surface of any other conducting material into the 
same Faraday cylinder we obtain 


Yom? = (Vo + K’ Je = hv — hoy’. 


By subtraction we find since the contact E.M.F. between the two 
metals used as emittors is K’ — K. 


I 
Contact E.M.F. = = (v0 ~ wi) ~ (Ve ~ Ve). (7) 


If then Einstein’s equation is correct this should furnish a perfectly 
general way of measuring contact E.M.F. between any two conducting 
surfaces, pure or impure, and if it can be experimentally verified, then 
we have one more proof of the correctness of Einstein’s equation. This 
is the equation which I have been submitting to careful experimental 
test in the case of the alkali metals, and I have thus far found it in perfect 
agreement with experiment (see below). 

If (7) may be regarded as established by the work which follows, then 
it will be obvious that we can test whether or not, with any particular 
metals, 


h 
Contact E.M.F. = (vo — v0’) (8) 


by simply observing whether these metals, when placed before the 
same Faraday cylinder and stimulated by a given wave-length, show 
the same value of the observed maximum positive potential, 7. e., whether 
Vo — Vo’ = 0. 

What I wish to point out then is that, though Einstein’s equation 
does demand that certain relations exist between contact E.M.F.’s 
and photo-potentials, namely those stated in equation (7) it does not 
demand the relation (8) suggested by the experimental work of Richard- 
son and Compton, and with about the same sort of roughness, by my 
results on sodium. If however (7) is a correct and perfectly general 
relation, as it must be if Einstein’s equation is a rigorous one, then (8) 
can be tested for any particular substances by seeing whether, for these 
substances, the last term of (7) vanishes. This point was tested care- 
fully in 1906 by Millikan and Winchester! who found marked differences 
in the Vo’s for eleven different metals and whose results therefore seem 
to conflict with (8). It was again tested by Page in 1913? who found 
that with freshly scraped surfaces of copper, aluminum and zinc the 
Vo’s were all alike. Kadesch* in 1914 measured accurately the Vo’s 

1 Phil. Mag., 14, p. 201, 1907. 


2 Am. Jr. Sci., 36, p. 501, 1913. 
3 Puys. REv., III., p. 367, May, 1914. 
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corresponding to freshly cut sodium and potassium in front of the same 
receiving chamber, and although he did not discuss the question here 
under consideration, a glance at his curves shows that for a given wave- 
length these Vo’s differ by as much as .85 volt. Last winter I found that 
the directly measured contact E.M.F. in vacuo between lithium and 
copper oxide was more than a volt less than the observed value of 
h/e(vo — vo’) in which vo was the observed long wave-length limit of 
lithium freshly cut in vacuo and y9’ the observed long wave-length limit 
of CuO in the same vessel. (It is to be remembered that e is here nega- 
tive.) These results appear to show conclusively that (8) does not in 
general hold, and in a paper presented at the April meeting of the 
American Physical Society! I suggested that the failure of (8) in some 
cases and its apparent validity in others might be explaified by the 
influence of surface inhomogeneities. For obviously, in measuring 
(h/e)(vo — vo’) one is always making his long wave-length limit tests 
on the most photosensitive, 7. e., the most electropositive constituent 
of a given surface, while in measuring contact E.M.F.’s one is testing 
the mean effect outside the surface of all the surface constituents, so 
that in the case of a lithium surface which is discharging electrons into 
a copper oxide cylinder, if the lithium surface were a mixture of sub- 
stances, some of which were much more electropositive than others, 
the measurement of (h/e)(vo — vo’) would correspond, if (8) were correct 
for homogeneous surfaces, to a determination of the contact E.M.F. 
of the most electropositive element in the lithium surface. Hence the 
measured contact E.M.F. would be expected to fall below the value of 
(h/e)(vo — vo’) as my results showed that it did. 

Nevertheless this was not a necessary cause of the failure of (8), for 
equation (6) shows that there is no reason other than an experimental 
one for supposing that (8) ever holds. Accordingly, shortly after the 
above-mentioned meeting, I suggested to Doctors Kadesch and Hen- 
nings that they reéxamine the point tested first by Millikan and 
Winchester and last by Page, using as nearly as possible the latter’s 
experimental conditions in order to find out whether the difference 
between the two sets of results was due to the fact that we worked 
in these early experiments with old surfaces while Page had tested 
newly scraped metals, or whether new surfaces of the ordinary metals 
do actually show differences in the Vo’s which escaped Page's de- 
tection, as equation (6) indicates that they might well do. They 
found that they could use with some modification the apparatus on which 
Dr. Hennings had worked with contact E.M.F.’s in this laboratory some 


1 Puys. REv., VI., p. 55, ’I5. 
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years previously. Their results are given in papers which follow and 
seem to support Page’s conclusion for the ordinary metals when newly 
scraped. It is useless, however, to attempt to put any interpretation 
upon these results until Einstein’s equation is shown to be a reliable 
tool with which to work, that is, until equation (7) is shown to be able 
to predict accurately and invariably observed contact E.M.F.’s. The 
following results show that in all the cases thus far examined in which 
(8) breaks down completely (7) nevertheless yields the most beautiful 
agreement. 

Thus in the experiments reported in April to the Physical Society! 
the measured contact E.M.F. between lithium and copper oxide was 
found to be 1.52 volts. The long wave-length limit of the lithium was 
found to correspond accurately to vp = 57.0 X 10%. This was deter- 
mined most reliably by displacing the P.D., v line toward positive 
potentials by the amount of the measured contact E.M.F. and then 
taking the intercept of this line on the v axis. Direct observation 
checked closely however the value thus obtained. The long wave- 
length limit of the receiving copper oxide cylinder was directly determined 
at line 2535 with an uncertainty of perhaps 50 A. This corresponds 
to vy’ = 118.2 X 10". These figures give (see equation (2)) 


h ‘ , 
5 (vo — vo) = 4.13 X 107(118.2 — 57.0) X 10% = 2.53 volts. 


Now line 2535 was just at the long wave-length limit of the copper 
oxide, so that for this line Vo’ between CuO and a Faraday cylinder of 
CuO was zero. On the other hand, for line 2535 the Vo between the 
lithium and the CuO Faraday cylinder was found to be just + 1.00 volts, 
so that (7) becomes 
1.52 = 2.53 — 1.00 = 1.53. 

These measurements were made on a newly cut lithium surface. Several 
months later the measurements were repeated and the contact E.M.F. 
between the then old lithium surface and the Faraday cylinder had 
changed to 1.11 volts. The Vo between the lithium and cylinder for 
line 2535 had changed to 1.29 volts (these are the measurements shown 
in Fig. 1) and the long wave-length limit »» was now measured at 
59.7 X 10%. The vo’ had not changed. These figures give 


h 
= (v0 — vo) = 4.13 X 107"(118.2 — 59.6) X 10" = 2.42 volt 


and equation (7) now becomes 


I.II = 2.42 — 129 = 1.13. 
1 Puys. REv., VI., p. 55, ‘15. 
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Although the agreements in both these cases are exceedingly close the 
uncertainties in the long wave-length limit of the CuO amount to possibly 
50 A. so that vp — vo’ is uncertain by as much as 3 per cent., or possibly 
a trifle more. 

Again, in the case of the sodium I stated above that the results of the 
measurements gave contact E.M.F. = 2.51 volts, while h/e(vo — v9’) 
came out 2.79 volts, which looked at first like fair agreement with equa- 
tion (8), but the agreement is well nigh perfect when the second term of 
equation (7) is taken into account, for the vo’ for this Faraday cylinder 
(it was a different one from that used with the lithium) corresponded to 
No = 2685 A. instead of Xo = 2535 A. This gives vo = 111.8 X 10%, 
For the sodium vp came out accurately 43.9 X 10%. From the relation 
(d volts)/dv = 4.13 X 10-™ we can compute the maximum energy of 
emission Vo of corpuscles under the influence of line 2535 from a surface 
for which this energy is zero at X = 2685. It is 


4.13 X 107(118.2 — 111.8) K 10" = .26 volt. 


This is Vo’. With line 2535 the observed Vo for the sodium was .52 volt, 


so that 
(Vo — Vo’) = .52 — .26 = .26 volt. 


Then equation (7) becomes 
2.51 = 2.79 — .26 = 2.53 


which is but one per cent. in error. All of these results then, are in 
perfect agreement with the demands of equation (7) although they are 
definitely opposed to the generality of the conclusion that contact 
E.M.F. = h/e(vo — vo’), which is identical with the conclusion that the 
observed photo-potentials of different metals are all the same when 
light of a given wave-length ejects corpuscles from metals into the same 
Faraday cylinder. Whether the differences between the alkali metals 
and ordinary metals in regard to equation (8) are due to surface inhomo- 
geneities, as I stated last April, or that it might be to intrinsic properties 
of the metals must be determined by further experiments. Some data 
has already been accumulated, but its presentation will be deferred 
to another occasion. 

Since we are here concerned primarily with the testing of Einstein’s 
equation, the important result already attained and so far as I am 
aware not hitherto shown is that Einstein’s equation appears to predict 
- accurately and generally the relations between Contact E.M.F.’s and photo- 
potentials. 
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§ 4. Contact E.M.F.’s AND TEMPERATURE. 


There are some interesting relations between Einstein’s photoelectric 
equation and the effect of temperature on contact E.M.F.’s which, so 
far as I am aware, have not hitherto been pointed out. In 1906 Millikan 
and Winchester! and Lienhop? independently established the lack of 
dependence upon temperature of the v of equation (1). Since vy is not 
dependent on temperature it follows from (1) that p(= hyo) also is not 
a function of temperature. It follows then from equation (7), since all 
the terms on the right were definitely shown in Millikan and Winchester’s 
experiments to be independent of temperature, that contact E.M.F. 
must also be independent of temperature. 

Now W. Schottky* has recently made measurements on contact 
E.M.F.’s at incandescent temperatures and obtained results which are 
the same, within the rather wide limits of uncertainty, as those com- 
monly obtained at ordinary temperatures, that they are the same as at 
ordinary temperatures, so that, so far as experiment has now gone, Ein- 
stein’s photoelectric equation, whatever may be said of its origin, 
seems to stand up accurately under all of the tests to which it has 
been subjected. 

§ 5. SUMMARY. 

The tests of Einstein’s photoelectric equation which I have considered 
and, save in the case of the last, subjected to accurate experimental 
verification are: 

1. The existence of a definite and exactly determinable maximum 
energy of emission of corpuscles under the influence of a given wave- 
length. 

2. The existence of a linear relationship between photo-potentials and 
the frequency of the incident light. (This has not been shown in the 
present paper.) 

3. The exact appearance of Planck’s / in the slope of the potential- 
frequency line. The photoelectric method is one of the most accurate 
available methods for fixing this constant. 

4. The agreement of the long wave-length limit with the intercept of 
the P.D., v line, when the latter has been displaced by the amount of 
the contact E.M.F. 

5. Contact E.M.F.’s are accurately given by 


h 
5 (v0 — vo) — (Vo — Vo’). 


1 Puys. REv., 24, p. 16, and Phil. Mag. (6), 14, 188. 
2 Ann. d. Phys. (4), 21, 284. 


3’ Ann. d. Phys., 44, p. 1011, 1914. Phys. Zeit., 15, p. 624, June 15, 1914. 
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6. Contact E.M.F.’s are independent of temperature. This last result 
follows from Einstein’s equation taken in conjunction with the experi- 
mentally well established fact of the independence of photo-potentials 
on temperature. If the surface changes in the heating so as to change 
the photoelectric currents, the contact E.M.F. should change also, 





otherwise not. 
RYERSON PHYSICAL LABORATORY, 
UNIVERSITY OF CHICAGO, 
September 15, 1915. 
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THE ABSORPTION SPECTRA OF THE BLUE SOLUTIONS OF 
SODIUM AND MAGNESIUM IN LIQUID AMMONIA. 


By G. E. GIBSON AND W. L. ARGO. 


I. INTRODUCTION. 


HE blue color of solutions of metals in liquid ammonia and alkyl 

amines has been observed and several of their physical properties 

have been investigated by Kraus and others. In order to account 

for the electrical properties of these solutions Kraus! assumes that in all 
cases the metal dissociates on dissolving according to the equation 


Me = Met + 8, 


where Me? is the cation present in solutions of salts of the metal and 0 
is an electron. Both Met and 0 may be combined to a greater or less 
extent with the solvent molecules. From measurements of the electro- 
motive force of concentration cells Kraus* concludes that at least one 
third of the current in a normal solution of sodium is carried by the un- 
solvated electron. 

The color of these metallic solutions appears to be independent of the 
metal and the solvent used. They are intensely: blue to transmitted 
light, and, as far as the eye can judge, the shade of color is the same in 
all cases. In daylight .oo1 normal solutions of potassium and sodium 
in ammonia can be matched against ammoniacal copper solutions. 
This is also true of a saturated solution of magnesium in liquid ammonia. 

Similar blue solutions are obtained when sodium is dissolved in molten 
sodarmide! and when calcium is dissolved in a molten mixture of potassium 
and sodium chloride.* 

The blue color of these metallic solutions may be due (a) to un-ionized 
molecules (or atoms) of the metal, (b) to solvated electrons, (c) to un- 
solvated electrons. 

(a) We should expect the color of the un-ionized metal atoms to vary 
with the metal and to be similar to that of the vapor of the metal, 
provided the metal atoms were not affected by the presence of the solvent. 


1J. Am. Chem. Soc., 29, 1557 (1907). 

2J. Am. Chem. Soc., 36, 864 (1914). 

3 Titherley, J. Chem. Soc., 65, 508 (1894). 

4A description of this experiment will be published shortly. 
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Sodium vapor has a purple color. The absorption spectrum of the 
vapor, however, has been investigated by Wood and others, and is in no 
way similar to that of the solution in ammonia. 

If the un-ionized metal atoms combined with the solvent molecules 
we should expect the color of the compound to vary with the solvent. 

(b) If the color were due to solvated electrons we should expect an 
absorption band differing from solvent to solvent. It is unlikely that 
electrons bound to molecules so different in character as ammonia and 
fused alkali chlorides should produce the same color. 

On the whole, therefore, the experimental evidence hitherto obtained 
favors the assumption (c) that the color is due to unsolvated electrons. 
In this paper the latter assumption will be tested quantitatively by 
comparing the theoretical absorption spectrum deduced from this 
hypothesis with the aid of Drude’s theory of metallic dispersion with 
the actual absorption spectrum determined by experiment. 


II. THe RELATION BETWEEN EXTINCTION COEFFICIENT AND WAVE 
LENGTH ACCORDING TO DRUDE’S THEORY. 


Let usmake the same assumptions for the unsolvated electron in the blue 
solutions that Drude! employs in his electron theory of metallic dispersion 
and conduction, 7. e., that the resistance to the motion of the electron 
through the medium is proportional to its velocity. 

The equation of motion of an unsolvated electron is, therefore, 


ma = eE — rev. (1) 


The term on the left is the product of the mass m of the electron and its 
acceleration a. E£ is the intensity of the electric field, e the charge on 
the electron, and r is such a quantity that re? is the resistance to the 
motion of an electron moving with unit velocity through the medium. 
Electrostatic units will be used throughout in this paper. 

Equation (1) combined with the equations of the electromagnetic 
field, leads to the equations 

On m'N 


wr — Dm Et ZT ale + whey” 


nk = 207 -  —_— 

= 27T 2 4 (m' |r)? ’ 
where 1 is the refractive index of the solution. The index of absorption 
k is defined by the equation 


(2) 


4nk d 


J=uJe * (3) 
1 Lehrbuch d. Optik, Leipzig, 1912, p. 386. 
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where Jo is the intensity of the incident ray of wave-length \ and J is 
the intensity after a layer of thickness d has been traversed. The symbol 
m’ is the ratio of the mass of the electron to the square of its charge 
(m’ = m/e?). SN is the number of unsolvated electrons in a cubic centi- 
meter of the solution. The radian time 7 is equal to the periodic time 
divided by 27. 6, and 7 are constants of the bound electrons. 

Equations (2) are the general equations of Drude for an absorbing 
medium containing both bound and unbound electrons. The term under 
the sign of summation in the first of equations (2) represents the influence 
of the bound electrons. 

For a colorless solvent both x and 7/7 are very small in the visible 
spectrum. The refractive index of the pure solvent, therefore, varies 
very slightly with the wave-length, and will be assumed to be constant 
in the following. In terms of the symbols of equations (2) its value would 
be given by 

ne = 1+ 2A,.! (4) 


Neglecting 7,/7 in equations (2) and eliminating » we obtain 


roe. (= om) nem” r (5) 
Kk  N\2aM r 7. ot 3 5 


In terms of the wave-length \ = 27cr and the extinction coefficient 
¢ = (47k logio e)/A this becomes 








—_ -— ._-— a 
2m r Nr »?’ (52) 
where a is a contraction for 47 logo e. 

Except for very large values of e (such as occur in pure metals) the 
term ed? may be neglected in the visible spectrum, and (5a) may therefore 
be written 


a? ner 2m’ 4r’acnym”? 1 
— — e’ = 27aC 
€ 


a? be 
em 4 6) 
where 0, and 2 are independent of the wave-length, 7. ¢., 
en ( ner ==) 
a an r : 
bp mx AT acneen” ™ 
Nr ; 


Equation (6) expresses the theoretical relationship between the extinction 


1 The refractive index of liquid ammonia mo has not been determined. In the calculations 
no? was taken to be equal to 2 as the refractive index of liquid ammonia cannot be far from that 
of water. 
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coefficient « and the wave-length \ in the visible spectrum. According 
to (6) a?/e is a linear function of 1/)?. 
If 2m’/r is negligible compared with (¢?r) /279t and if \ is small enough 
to make ed? negligible compared with a*/e the extinction coefficient « 
for a given wave length will be proportional to the concentration Jt 
of the unsolvated electrons. These are therefore necessary conditions 
that Beer’s law shall hold. 
For sufficiently large wave-lengths we see from (5a) that 


9 


— — er’? = Oo, 
€ 


or 
_a@ 
¢€ = d* 
In other words ¢€ is independent of the concentration when \ is large. 
Hence Beer’s law must cease to hold when the wave-length exceeds a 
certain amount determined by the values of 6; and be. The extinction 
coefficient vanishes for infinite wave-lengths in all cases. 
For very short wave-lengths (5a) reduces to 


a 4racm' ne 1 


€ ry te 
so that in this case (b; = 0) Beer’s law is always obeyed. 

If b, is negative we must have 2m’/r > (n,?r)/279t and Beer’s law 
cannot hold, since }; is no longer inversely proportional to J. 
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Fig. 1. 


The graphs of a*/e against 1/” as they follow from the general equation 
(5a) are drawn in Fig. 1. There are three types of curve, a, b, and c, 
according as }; is positive, zero, or negative. The equation of the asymp- 
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tote in all cases is equation (6) viz., 


On the scale of Fig. 1 the remainders of the three curves a, b, ¢ are in- 
distinguishable from the axes. The minima of a*/e are marked with 
circles. 

A more elaborate theory of metallic dispersion has recently been 
developed by Jaffé! in which the frictional resistance r is assumed to be 
due to collisions between the free electrons and the atoms of the medium. 
In place of Drude’s equations (2) his theory leads in our case to the 





equations _ 
P , , 2 we 
n(I — x?) = ng + V1, 
(8) 
z 2n0 
nk = —— We, 
Vv 


where y; and y2 are functions of the argument z = (3 ¥ 7/4)(m’/r)v. For 
large values of z we obtain from Jaffé’s theory 


N |G 


tl of 


w= - 


| 


tw 
. 


bo = 


Substituting these values of ¥; and y in (8), and eliminating m, we obtain 
in place of equation (5a) 


2 


a 


gram'c , onneam'? 1 
8 +r 8 Mr 2" 

When (n,°r)/277r is negligible this equation is identical in form with (5a) 

and differs only slightly in the values of the constants. Jaffé’s theory 

therefore leads to the same conclusions as the theory of Drude. 


m | 


III. THe THEORIES OF DRUDE AND JAFFE IN VIEW OF THE EXPERI- 
MENTAL DETERMINATIONS. 

With a view to testing the hypothesis that the blue color is due to 
unsolvated electrons, the absorption spectra of solutions of sodium and 
magnesium in liquid ammonia were determined in the visible spectrum. 
The results of these experiments will be discussed now and compared with 
the requirements of the theories of Drude and Jaffé while the details of 
the experiments will be found in Section IV. 


1 Ann. d. Physik [4], 45, 1217, 1914. 
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In Fig. 2 the values of a?/e calculated from our determinations (See 
col. IX. and X., Table II., and col. XI. and XIII., Table VII.) are plot- 
ted against 1/A*. There are three curves for sodium at different con- 
centrations, Na(1), Na(2) and Na(3) (circles), and one for a nearly 
saturated solution of magnesium (triangles). 
The concentration of sodium is 2.8 X 10~* normal in series (1) and 
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Fig. 2. 





1.3 X 107% normal in series (2). The concentration in series (3) is less 
chan 1.3 X 10~* normal, but was not determined exactly. No attempt 
was made to determine the concentration of the magnesium solution. 

The curve for magnesium (Fig. 2) coincides, within the limits of 
experimental error, with one of the sodium curves. This is strong 
evidence in favor of the assumption that the coloring principle is the same 
for both metals. 

Within the limits of error the graphs are all straight lines and intersect 
at a common point on the axis of abscisse. In other words, the ratio of 
the ordinates of the various curves at a given wave-length is independent 
of the wave-length. While this does not prove that Beer’s law is obeyed, 
it is one of the necessary conditions for the proportionality of the ex- 
tinction coefficient and the concentration of the coloring molecules. 

If Beer’s law were true for the total dissolved sodium, the concentra- 
tion N of sodium multiplied by the value of a?/e should be constant for all 
wave-lengths. This is approximately confirmed by our experiments. At 
wave-length \ = 502u~z we have (a?/e)N = 0.56 for series (1) and 
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(a?/e)N = 0.65 for series (2). The difference between these two values 
can be accounted for by the loss of sodium due to the amide reaction in 
the time which elapsed between the two measurements (see Section IV., 
d). Beer’s law therefore holds approximately for the total dissolved 
sodium. 

The equation (5 a) obtained from Drude’s theory in Section II. may 
be tested now in the light of these measurements. 

The values of }, and b: obtained by the method of least squares from 
the experimental data are given in columns II. and III. of Table I. 


TABLE I. 


II. m | mw. | ve | ow | vm vill, IX. 
| W(Mols | \( Exp.) 

















| 

| bax108 | xx 10-20 | > iter) | Kx 10-5. | KX 108 
Series, | b(Exp.). | (Bxp.). | (Cale.). (Cale.). PfGaie). | “Enters. "| (Caled. | (Kraus). 
Na(i) | — 4.57| 618 | 1.672 | 1801| 0.271 | 0.00281 | 1.03 | 2.92 
Na(2) | —12.83 15.97 | 1.715 641 | 0.295 | 0.00130 3.14 1.35 
Na(3) | —15.38 | 20.28 | 1.816 | 535 0.278 | 3.56 
Mg | 


| -12.21 | 15.88 | 1.738 | 674) 0.281 | 2.86 | 


Columns IV. and V. contain the values of the number of electrons Jt 
per cubic centimeter and the frictional resistance constant r as they 
would follow from Drude’s theory. Column VI. contains the concentra- 
tion of free electrons in mols per liter calculated from the values of Jt in 
column IV. Column VII. contains the concentration of sodium de- 
termined by experiment. Column VIII. contains the values of the 
conductivity K (ohm-'cm.~') calculated from the values of Jt and r in 
columns IV. and V., and column IX. the specific conductivity derived 
from the experiments of Kraus.! 

Drude’s theory, therefore, gives values for the conductivity which are 
about thirty million times too large. Thus the specific conductivity K 
of a’.0028 normal solution of sodium is 2.92 X 10~*w-!cm.— while the con- 
ductivity calculated from Drude’s theory for the same solution is 
1.03 X 10°w-!cm.~! (see Table I.). 

Drude’s theory also leads us to conclude that Beer’s law would not be 
even approximately true for the free electrons. The calculated con- 
centrations of free electron are very great and independent of the con- 
centration of sodium. For each sodium atom in a .oo1 normal solution 
Drude’s theory would require about one thousand electrons, and we should 
have to ascribe the increased depth of color on adding more sodium to an 
increased frictional resistance to the motion of the electrons without any 
increase in their number. 

1J. Am. Chem. Soc., 36, 877 (1914). 
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If, therefore, we grant the validity of Drude’s theory we are forced to 
conclude that the blue color of these solutions is not wholly due to un- 
solvated electrons. 

It is important to determine the effect on the coloring principle of 
changing the metal and the solvent. With this end in view we propose 
to continue our measurements with other metals such as potassium and 
lithium and with other solvents such as methylamine, ethylamine, hy- 
drazine and possibly with fused salts. 


IV (a). THE SPECTROPHOTOMETER. 








The absorption spectrum was measured by means of a spectrophotom- 
eter of the type described by Griinbaum and Martens.! A source of 
light A (Fig. 3) illuminates the ground-glass window B. The light from 
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Fig. 3. 


B passes through two lenses C, which produce an image of B on the slits 
E, E’. The two beams pass respectively through a cell R containing the 
solution to be examined, and a cell Z containing water which is used to 
compensate for the loss of light due to reflection from the windows of 
the cell. After passing through the slits E, E’ the two beams traverse 
successively the collimator F, the prism G, the polarizer P and the analyzer 
K. The analyzer is rotated until the fields illuminated by the two 
beams appear of equal intensity. 

The calculation of the extinction coefficient from the angle of rotation 
is discussed in section IV (d). 

The source of illumination is an acetylene flame, one inch wide and 
shielded by a metal chimney three inches in diameter and about two feet 
high. The flame, when so arranged, burns steadily and illuminates the 
ground glass more uniformly than a tungsten filament lamp. 

The arbitrary wave-length scale of the spectrophotometer had already 
been calibrated by Adams and Rosenstein? in this laboratory. The 
calibration was repeated for the sodium D lines and agreed exactly with 
their determination. 


1 Ann. der Phys., 12, 984 (1903). 
2J. Am. Chem. Soc., 36, 1452 (1914). 
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IV (6). THE ABSORPTION CELL. 


The ordinary metal absorption cell with plane glass windows cannot 
be used for solutions of metals in liquid ammonia. In the first instance, 
the cell must be perfectly airtight, as the least trace of moisture is suffi- 
cient to destroy the blue color. It must also be capable of withstanding 
a pressure of eight to ten atmospheres, which is the vapor pressure of 
liquid ammonia at room temperatures. The first cells used were made of 
copper with glass windows pressed tightly against a thin flange of the 
metal. Although it was possible to obtain a vacuum-tight joint in this 
way, the cells were difficult to clean, and slight traces of impurity, 
such as solder or brass, catalyzed the amide reaction and made it difficult 
to obtain a permanent blue color. 

The cell finally adopted was made entirely of quartz. It is shown in 
completed form in Fig. 4. The two plates A, A, one centimeter in di- 
ameter, were made of optical quartz free from bubbles. They were 
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Fig. 4. 


ground plane parallel and were fused into the quartz tube H, by means of 
the oxygen gas flame, in the following manner: 

The window 1, Fig. 5, was first sealed into the quartz test tube 5 ina 
position as nearly perpendicular to the axis as possible. The window 
2 was then adjusted parallel to 1 by means of the appliances shown. A 
cylindrical block of quartz 3 was ground plane on its upper surface and 
connected by a quartz rod with the universal joint 4. By manipulating 
the three screws, 7, the upper surface of the block could be adjusted to a 
position making any desired angle with the axis of the tube. The window 
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2 was kept in close contact with the block, 3, by means of a quartz pointer, 
6, which was depressed by a glass spring not shown in the figure. The 
window 2 was then adjusted until the image of a point source of light 
reflected from its surface coincided exactly with the image of the same 
source reflected from the window, 1. The source, which consisted of a 
small loop of incandescent platinum wire, was placed in the line of the 
normal to the two windows at a distance of about 150 cm. from the cell. 
The reflected images were observed through the incandescent loop. 
The two windows could be adjusted in this way to within 10’ of arc. 
Window 2 was then sealed into position by means of the oxygen gas flame.! 

The two ends of the quartz tube were then cut off, so as to leave an 
edge of about 3 mm. beyond the windows. The completed cell is shown 
in Fig. 4. 


IV (c). THe METHOD OF FILLING THE CELL. 


The system ABCD in Fig. 4 was made entirely of quartz. Beyond 
the Khotinsky cement seal E glass was used throughout. The whole 
system was first evacuated and left in contact with phosphorus pentoxide 
for several hours. After the apparatus had been washed out several times 
with dry ammonia gas a quantity of ammonia sufficient to fill the cell 
was distilled into the bulb F by immersing it in alcohol cooled to — 60° C. 
The bulb F contained a small piece of sodium which dissolved in the 
ammonia and removed the last traces of moisture. The constriction G 
was then sealed and the ammonia in F distilled into the tube B, which 
contained a portion M of the metal to be examined. After the cell had 
been sealed off at the constriction D by means of the oxygen-gas flame it 
was ready for the measurements. 


IV (d). MEASUREMENTS WITH SODIUM IN LIQUID AMMONIA AT —33.5° C. 


The quartz cell was surrounded with a copper jacket A (Fig. 6), which 
could be filled with boiling liquid ammonia through the tube B. The 
ammonia vapor was led out through the tube C to a large flask filled with 
water where it was absorbed. Copper filings were placed between the 
quartz cell and the copper jacket in order to secure good conduction of 
heat. The jacket was then fitted into a wooden cylinder D which served 
the double purpose of a heat insulator and a support for the cell in the 
spectrophotometer. 

To prevent the deposition of moisture on the cold quartz windows, 


- 1It is difficult to avoid entirely the sublimation of silica on the windows in the process of 
sealing them into the tube. The slight irregularities resulting from this became invisible on 
the inner surfaces when the cell was filled with liquid ammonia. The fog on the outside of the 
windows was made to disappear by cementing thin cover glasses to them with Canada balsam- 
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cover glasses were cemented with Khotinsky cement to the projecting 
edges of the cell, in the manner shown in Fig. 4. The air chambers were 
dried by small pellets of partly deliquesced phosphorus pentoxide, , p. 
Jets of dry air were directed against the outer surfaces of the cover glasses 
by means of the tubes N, N. When the air jets were adjusted correctly 
they prevented entirely the deposition of moisture. 

After the cell had been dried by evacuation, pieces of capillary tube of 
known length and diameter, full of sodium, were in- 
troduced through C (Fig. 4). The cell was then filled 
as described in paragraph IV (c). The amount of 
sodium introduced into the cell was more than suffi- 
cient for the highest concentration desired. After 
mixing thoroughly the position of the meniscus of the 
solution in the tube B was measured. A portion of 
the solution was then transferred to the cell H, and the 
position of the meniscus in B was again measured. Fig. 6. 

By cooling the cell the remainder of the solvent was 

distilled from B to H. This process was repeated until the desired 
dilution was obtained. The volumes corresponding to the various posi- 
tions of the meniscus in B were determined after the tube had been 
opened at the end of the experiment. 

The method of reading the spectrophotometer and the method of 
averaging the readings were essentially the same as those of Griinbaum 
and Martens.! Griinbaum and Martens compare the cell containing the 
colored solution with a cell of the same dimensions containing the 
pure solvent. This method would have necessitated the construction 
of a second quartz cell, and a duplication of the cooling apparatus. To 
avoid this, the colored solution and the pure solvent were compared in 
the same cell at different times with a glass cell containing water. The 
water cell was used to compensate approximately for the reflections from 
the windows of the quartz cell. Under these conditions the sensibility 
of the readings is improved. 

A complete determination at any wave-length involves the deter- 
mination of four angles: 

1. The angle a;, with the quartz cell containing liquid ammonia in 
position R (Fig. 3) and the glass water cell in position L. 

2. The angle as, with the quartz cell containing liquid ammonia in 
position Z and the glass water cell in position R. 

3. The angle a3, with the quartz cell containing sodium solution in 
position R and the glass water cell in position L. 





1 Loc. cit. 
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4. The angle ay, with the quartz cell containing sodium solution in 
position L and the glass water cell in position R. 

The glass water cell might be replaced by an imaginary quartz cell 
excactly similar to the cell containing the ammonia solution but filled 
with a hypothetical liquid of extinction coefficient such that the fraction 
of the incident light absorbed by the hypothetical cell would be exactly 
equal to the fraction absorbed by the actual glass water cell. The 
difference between the extinction coefficient exy, of the pure liquid am- 
monia and the hypothetical extinction coefficient «, is then given by the 


relation : 
log tan az — log tan a; 
€nNH; — € = ; d ? ’ 


where d is the length of the column of liquid traversed by the light in the 
quartz cell. 


The difference between the extinction coefficient ex, of the blue solution 


and « is 
log tan ay — log tan a3 
it aii d ~ a 





Hence the required difference between the extinction coefficients of the 
blue solution and the pure solvent (liquid ammonia) is 


log tan a, — log tan a3 — log tan az + log tan a; 
€Na — €nH; = rs d : F ‘ 


Even at — 33.5° C. the fading of the blue color due to the amide 
reaction is sufficiently rapid to necessitate correction. The angles a; 
and a, for each wave-length were therefore determined at measured 
intervals and plotted against the time of reading. The values of ag 
and a, at the time of the first reading of the series were obtained by gra- 
phical extrapolation. The largest correction applied to any reading 
amounted approximately to 4 per cent. of the extinction coefficient. The 
error in the graphical extrapolation is certainly not greater than 25 per 
cent. of this correction, so that the resultant error in the extinction coef- 
ficient due to this cause cannot exceed I per cent. This maximum error 
applies. only to reading (6), series III., in the table below. The uncer- 
tainty in the fading correction is much less for all other readings (see 
Column VIII., Table II.). 


IV (e). MEASUREMENTS WITH MAGNESIUM. 
Cottrell! had observed that solutions of magnesium in ammonia were 
extraordinarily stable even at room temperature. Magnesium was 
1J. Phys. Chem., 18, 85 (1914). 
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No. I. 
TABLE II. 
Temperature = — 33-5° C. Length of Column d = 1.523 cm. 
| u. | m1. Iv. | v. | VI. vu. | VIII. Ix. 
m og |$2| 2 (523 2 [SEs] Seats |g 
(34 ge? is| 3? lege 3? bee —| 1 
me PA wale fees x2 Ges), | , z 
| =& LY ~ 3 | 4 
Series (1)...... (1) 529 |.116 |87.09°| 0. 1.87°| 6/87. 1° 1.75°| 1.73 
Conc. of Na =| (2) 502 |.123 |85.13 | 14, 2.81 | 18 |85.4 | - 1.48 
2.8]x 10-* mols (3) 480 .133 (83.23 36 3.58 | 30 84.0 | 3, 1.35 
per cc. (4) 529) = (86.14. | 44) 2.58 | 47) | 
| | 
Series (2)....-.| (1) 608 .098 |79.48 | 0 6.84) 3(/79.7/ 6.7. | 0.99 
Conc. of Na =| (2) | 585.107 |76.88 | 8 8.32) 5 (77.4 8.0 .880 
1.3 x 10-* mols (3) | 564 |.112 74.62 | 9 | 9.69 | 11 |75.3| 9.0 | .745 
per cc. (4) 546 .114 |72.66 15 10.87 13 |73.7 |10.1 .728 
| (5) | 529 |.116 |70.76 | 18 12.00 | 20 |72.0|10.6 | .682 
| (6) 515.119 69.38 | 25 12.87 | 22|71.0 11.6 | .636 
| (7) 502 |.123 |68.32 | 27 14.00 | 28 |70.1 |12.5 596 
| (8) | 608 | \77.54 34 | 7.93 | 30} 
9) 608 | 77. 37 | 41) 8.08 | 44) 
(10)'529| |69.17 | 48 12.99 | 46| 
(11) 608! 176.74 | 50 9.30 | 53) 
(12) | 529 los. 34 | 58 13.34 | 56 | 
(13) | 608 75.22 | 64 9.09 | 67) 
(14) 529 67.04 | 72 13.92 69) 
(15) 608 | 73.84 | 88 11.92 91) 
(16) 529} 65.75 | 98 15.63 94 | 
| | | | 
Series (3)...... | (1) | 608 |.098 74.31 | 0 10.18 3 74.3 10.2 | .753 
| (2) 635 084 75.60 | 13 9.34 7 /|76.6| 8.7 | .860' 
| (3) | 608 |.098 72.83 | 1611.45 18) | 
| (4) 529 1.116 65.13 | 25 16.09 22 |66.6 |15.1 496 
| (5) | 502.123 63.25 | 3217.09 39 [65.0 15.3 | .464| 
| (6) 480 .133 59.28 | 5918.13 48 62.0 15.7 | .409 
| (7)| 608} 68.98 | 63 13.88 68| | 
| (8) | 608 | 65.90 | 102 15.96 99 | 
(9) | 564 62.24 | 106 18.65 | 109 | 
(10) | 529 | 59.64 | 117 20.59 113 | 
(11) | 502 | 58.20 |121 20.71 127) | 
(12) | 480 | 55.31 | 140 21.08 132 | | 
(13) | 608 62.07 | 150 19.33 154 | 
(14) | 564 58.68 | 159 21.35 | 158 | 
(15) 529 57.00 | 162 22.44 163 | 
(16) | 502 55.70 | 168 23.03 165 
(17) | 491 54.55 | 171 23.52 177 | 
(18) | 608 59.70 | 183 20.85 181 | 








29.8 
33.8 
37.5 
40.9 
43.6 


46.7, ; 
49.9, 


39.5 
34.9 


60.0 
64.1 
72.8 
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2.70 
2.48 


3.54 
3.94 
4.33 
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therefore chosen for our earlier measurements in order to avoid the dif- 
ficulties involved in cooling the cell. The vapor pressure of liquid 
ammonia is about eight atmospheres at room temperature, and two cells 
exploded under this pressure before a measurement was obtained. The 
strength of the cell was then increased by diminishing its size consider- 
ably, but the apparatus with which the determination was finally ob- 
tained exploded just as the series of measurements had been completed. 
The cell, however, was intact, and the explosion may have been caused 
by the pressure of a metal clamp which was used to mount the apparatus 
in the spectrophotometer. 

As the construction of the quartz cells is somewhat troublesome, our 
subsequent experiments with sodium were performed at the boiling point 
of ammonia as described in paragraph IV (d), in order to avoid the risk 
of explosion. 

Except that the cell was not cooled, the method of performing the 
measurements was the same for magnesium as for sodium. The mag- 
nesium was introduced in the form of freshly cut turnings. It was 
found necessary to leave the magnesiuin in contact with the liquid am- 
monia for at least a week before the blue color appeared. This delay in 
the appearance of the color is probably due to the formation of a pro- 
tecting layer of hydroxide on the surface of the metal. 

The fading during the course of the reading was very small. In 100 
minutes e for wave-length 6,080 changed from 0.942 to 0.914. This 
amounted to 0.03 per cent. per minute. The values for the fading cor- 
rection given in Column IX., Table VII., were calculated from this value. 

The explosion of the ceil prevented the direct determination of the 
value éxu, — €s- To obtain this value the following measurements were 
made: 

(1) The ‘ magnesium ”’ cell filled with water compared with the glass 
water cell, ¢. — « (Table III.). 


, 








TABLE III. TABLE V. 

Water in Mg Cell—Glass Water Cell. Water in Na Cell—Glass Water Cell 

a | cenk | cenz | €w—€r | - | Cell R | Cell Z ew’ —e 
as | eae “ i a sands 
664 | 39.53 | 36.54 | 0306 || 664 | 45.72 | 32.83) | 
608 29.29 | 35.81 0358 | 608 | 44.68 | 32.68 
564 39.09 35.23 | 0401 | 564 | 45.02 | 33.23 131 
529 | 0494 | 529 | 45.66 | 32.34 
502 38.41 | 33.70 0553 | 502 | 46.09 | 32.16 | 





480 | 0600 
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(2) The ‘‘ sodium ”’ cell filled with NH; compared with the glass water 
cell, exu, — €n (Table IV.). 
(3) The “‘ sodium ” cell filled with water compared with the glass water 
cell, €~’ — e, (Table V.). 
By subtracting (3) from (2) we obtained exy, — €w. Adding to this 
the value (1), €w — €,, we obtained the required value exy, — €, (Table 
VI.). 






































480 | 62.04 , 13.92 a +.062 0.517 


608 | 74.87! 8.51 100 | | 


TABLE IV. TABLE VI. 
NH; in Na Cell—Glass Water Cell. NH; in Mg Cell—Glass Water Cell 
(calc.). 
J | Cell R | Cell Z €NH,/—€ = €NH;—* 
 eaaiceeman -| || ’ ae 
664 072 || 664 —.028 
635 084 || 608 +.003 
608 43.37 33.80 098 || 564 +.021 
585 _ 107 529 +.034 
564 44.03 33.15 | 112 502 +.047 
546 | 414 480 +.062 
529 44,27 32.97 | 116 
515 119 
502 44.35 32.44 123 
491 | 128 
480 ; 133 
TABLE VII. 
Magnesium at Room Temperature (about 16° C.). 
> i | | Per _ | 
z A eentneiest i er emg | Time | Cent |“Me—‘NH:| |.) * < 10-8 
a rot « —ay | “NHS | —eyep, |i Mim.iCorrec) secte4). cm.) 
1 | 664 | 80.50! 4.90 1.212 | —.028 | 1.240 | 0; 0 | 1.241 | 24.0 | 2.26 
2 | 608 | 74.70) 7.65/0.942} +.003 0.940 | 23 | 0.8 | 1.014 | 29.4 | 2.70 
3 | 564 | 70.06 | 10.21| 0.779) +.021 0.758} 43 | 1.3 | 0.769 | 38.8 | 3.13 
4 | 529 | 66.90 11.18 | 0.705 | +.034 0.671) 57 1.7 | 0.684 | 43.6 | 3.54 
5 | 502 | 64.35 | 13.25 | 0.622} +.047 0.575) 68 | 2.0 | 0.587 | 50.8 | 3.94 
6 | 84 | 2.5 | 0.529 | 56.3 | 4.33 
7 | 


The difference between the extinction coefficients of the blue mag- 
nesium solution and of liquid ammonia was then obtained by subtract- 
ing the value exn, — «, from the value ey, — e,. The measurements 
made with magnesium are summarized in Table VII., and are plotted in 
Fig. 2. 

SUMMARY. 

1. Kraus has shown that the electrical properties of solutions of metals 

in liquid ammonia can be explained on the assumption that the atoms of 
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the metal dissociate into electrons partly combined with the solvent and 
into the cations present in solutions of its salts in ammonia. 

In order to test the assumption that the blue color of these solutions 
is due to the unsolvated portion of the electrons resulting from this 
dissociation, the absorption spectra of dilute solutions of sodium and 
magnesium in liquid ammonia were determined in the visible spectrum. 

2. A solution of magnesium and a solution of sodium of the same in- 
tensity of color were found to have the same absorption spectrum. This 
is strong evidence in favor of the assumption that the coloring principle 
is the same in both cases. 

3. Approximate measurements of the concentrations of the sodium 
solutions make it probable that Beer’s law holds for the total dissolved 
sodium. 

4. Qualitatively the evidence is in favor of the assumption that the 
absorption is due to the unsolvated electrons, but our measurements 
cannot be interpreted quantitatively in terms of Drude’s theory of 
metallic dispersion. 
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THE FREE IONS IN THE ATMOSPHERE OF THE TROPICS. 


By J. R. WriGHT AND O. F. SMITH. 


STUDY of atmospheric electricity involves, among its several 

phases, the determination of the number of free ions per unit 
volume in the earth’s atmosphere together with the variation of this 
number due to altitude, location, and meteorological conditions. 

The first attempt to measure the ionization of the free atmosphere 
was made by Elster and Geitel' while investigating the causes of the 
discharge of electrified bodies surrounded by air in closed vessels. They 
found that when a piece of wire gauze, connected to an electroscope, 
was exposed to the open air both positive and negative electricity was 
discharged at a much more rapid rate than when placed in a closed vessel, 
also that the rate of discharge of positive and negative was generally 
different. The rate of discharge was taken as a measure of the ionization, 
but, since by this method they had no means of determining the volume 
of the air tested, quantitative measurements were impossible and only 
comparative values were obtained. 

A short time later an instrument was devised by Ebert? which made 
the determination of the number of positive or negative ions present 
per cubic centimeter in the atmosphere comparatively easy. With this 
apparatus determinations have been made at various points on the earths’ 
surface by different observers, and although the individual results vary 
greatly the general conclusions that have been drawn are fairly uniform. 

During the past two years we have been investigating atmospheric- 
electfic phenomena at Manila and vicinity and as a part of that work 
have made a large number of determinations of the free ions present. 
These observations were taken by an improved form of Ebert’s apparatus 
made by Gunther and Tegetmeyer of Braunschweig, Germany. It has 
a vertical rather than a horizontal collecting cylinder, and a Wulf*® 
electrometer in the place of the Elster and Geitel electroscope. The 
theory of the instrument is well known, but a brief discussion seems of 
value here for the sake of completeness. A certain volume of air, 

1 Phys. Zeit. (1900), 2, 116; (1901), 2, 560. 


2 Phys. Zeit. (1901), 2, 662. 
2 Phys. Zeit. (1909), 10, 152. 
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measured by an air meter, is drawn between concentric cylinders by 
means of an air turbine which is operated by clock work. The inner 
cylinder, which is carefully insulated, is charged to a known potential 
and connected directly to the quartz fibers in the Wulf electrometer. 
The voltage discharge is therefore easily measured. Knowing the 
capacity of the instrument, the number of ions per cubic centimeter is 
given by the equation N = CE/eV, where N represents the number of 
ions per cubic centimeter, V the volume of air drawn through, C the 
capacity of the instrument, £ the fall in potential (corrected for the 
natural leak), and e the ionic charge. 

The capacity of our apparatus was 16.25 electrostatic units, the free 
area between the concentric cylinders being 6.87 square centimeters, 
and the inner rod 40 centimeters long. Since the rate of flow of air was 
on the average 1.25 liters per second, the time required for an ion to 
pass through the instrument was approximately 0.22 second. The 
range of voltage used was from 175 to 165, thus all ions having a mobility 
greater than 0.033 centimeter per second per volt centimeter were 
caught by the apparatus. 

Through the work of Langevin,’ Mache and von Schweidler,? Pollock,’ 
and others, the atmospheric ions have been classified according to their 
mobilities into the three following types: 


Type of Ions. Mean Value of Their Mobility. 
Sacer eae eee ger ot ere re a ee 1.02 to1.8 
PS 6c kd Wa Ea cd anne wiameewanieds 0.1 to 0.006 
BR sinc sidtah che tanlsdeveramewew seen eesue 0.0003 to 0.0008 


It is evident, therefore, that under the conditions of the experiment, the 
instrument should record all the small ions and a portion of the inter- 
mediate ions. However, since we were always careful to charge as 
nearly as possible to the same potential, the proportion of intermediate 
ions caught ought to be nearly constant. 

The limited time at our disposal for the present work, and the large 
number of factors that may influence the ionization of the atmosphere, 
made an exhaustive study impossible. Consequently, the work was 
confined to the following points: 

1. The effect on the ionization of the character of the light in which 
the determinations are made. 

2. The determination of the number of positive and negative ions per 
cubic centimeter in the atmosphere and the variation of this number 
with altitude, location, and relative humidity. 

3. The ratio of the positive to the negative ions. 


1 Comptes Rendus (1905), 140, 232. 
2 Phys. Zeit. (1905), 6, 71. 3 Science (June, 1909). 
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THE EFFECT ON THE IONIZATION OF THE CHARACTER OF THE LIGHT IN 
WHICH THE DETERMINATIONS ARE MADE. 


The effect of tropical sunlight on the atmosphere is an unsettled 
question and has been the subject of several articles appearing in the 
Philippine Journal of Science. In an article by R. F. Bacon! two con- 
clusions are drawn, neither of which seems to be substantiated by the 
data quoted. The author first states that tropical sunlight ionizes the 
air, and concludes that the ionization of the atmosphere in the tropics 
is greater than in temperate or colder regions. To support these claims, 
observations were taken on the rate of discharge of an electroscope when 
air was drawn through it at a known rate, first in the dark, then in the 
diffuse light of the laboratory, and finally in the bright sunlight. 

The results recorded are very consistent and show a mean rate of 
discharge of 6.5 volts per hour for darkness, 15.6 volts for diffuse light, 
and 35.7 volts for sunlight. However, these results can scarcely be 
taken as a measure of the ionization produced by the tropical sun, and 
it is impossible to explain just why such consistent data were obtained, 
since no diagram or description of the apparatus is given. It was also 
impossible to learn whether the observations in the darkness or the diffuse 
light were made on the confined air of the laboratory or otherwise. 

We have also been unable to decide how Bacon arrived at the con- 
clusion that the ionization is greater in the tropics than in temperate 
regions. His results are expressed in volts per hour, no attempt being 
made to reduce the readings to ions per cubic centimeter. Moreover, 
since the electrical capacity of his testing apparatus is not given, sufficient 
data is not at hand to permit the reader to make the necessary calcula- 
tions. A mere statement of the leak per hour expressed in volts, is 
certainly insufficient to permit a comparison with readings taken with 
different instruments and under different conditions. 

From the nature of the experiments it seems that what was really 
attempted was to measure the effect on the ionization of the character 
of the light in which the determinations were made. The author himself 
seems to be in some doubt for he says: 

“However, I incline to the view that the ionization observed may not 
be a direct effect of the tropical sunlight on the air, but may be a second- 
ary phenomenon connected with the large amount of moisture in the 
air of tropical islands and with the luxuriant vegetation of this region.”’ 

This view seems to carry with it the idea that the ionization would be 
the same, both on the outside and inside of a building, unless the air in 
the latter case was stagnant or contaminated with some ionizing agent. 
1 Phil. Jour. Science, Sec. A (1910), 5, 267. 
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Further on in discussing the work of Elster and Geitel,! the author 
states in substance: 

“It is a curious coincidence, if nothing more, that days when the sky 
is about half overcast are days . . . when the activity of the sun is 
greatest ...on the ionization of the air.”’ This statement seems 
entirely contrary to the conclusion drawn directly from his data. 

In view of this article it was deemed advisable to make some deter- 
minations to ascertain whether or not the ionization readings are a 


‘function of the character of the light in which the apparatus is placed. 


Consequently observations were made with the Ebert’s ion-counter, in 
the dark, in the diffuse light of the laboratory, and in the bright sunlight. 

For the inside readings at Manila, the instrument was always placed 
by an open window, and a good circulation of air maintained by means of 
an electric fan. Readings were never taken until the room had been 
open to the outside for some time. For the outside readings the appa- 
ratus was placed on a stand in the open just outside the physics building. 
The results are given in Table I. A few observations taken on Mount 
Pauai, Luzon, Philippine Islands, are also included in the table. 

The mean values for Manila show no appreciable difference for the 
different kinds of light. At Mount Pauai the mean value for darkness is 
much greater than for sunlight, but no importance is attached to this 
fact, since the high value at Pauai is probably due to the relative humid- 
ity, a point which will be discussed later. Furthermore, the observations 
in the sunlight at Mount Pauai were taken at a time when the ionization 
was very low, as shown by the reading in the diffuse light taken imme- 
diately following those in the sunlight, which gave a value of 432 ions 
per cubic centimeter. 

Our results are in good agreement with those of Schuster,? who ob- 
tained the same ionic density both in the open air and inside the physical 
laboratory. McClellan and Kennedy’ also found no apparent difference 
between night and day readings. 


THE DETERMINATION OF THE NUMBER OF POSITIVE AND NEGATIVE IONS 
PER CuBIC CENTIMETER IN THE ATMOSPHERE AND THE VARIATION 
OF THIS NUMBER WITH ALTITUDE, LOCATION, AND RELATIVE 
HvumIpIty. 

The mean values obtained for the specific numbers of both positive and 
negative ions at Manila, on Mount Pauai, and at Baguio, are given in 
Tables II., III., and IV., respectively. The determinations were taken 


1 Ann. der Phys. (1900), 2, 425. 
2 Proc. Man. Phil. Soc. (1903-4), 48, No. 12, I. 
3 Proc. Roy. Irish Acad., Sec. A, 30, No. 5, 72. 
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TABLE I. 
Effect of Light on the Ionization of the Atmosphere. 


| | 
. Date. ime. Ions Character | 
Place ate Time per ¢.c. of Light. | Remarks. 








1914 a.m. p.m. 
Maat. ........: March 30 7.15 | 346} Darkness | All readings are on the 
er Do. 8.15 | 562 Do. positive ions. 
BE  Rapeanuss Do. 9.15 383 Do. 
rrr Do. 10.15 390 Do. 
rere March 31 12.24 591 Do. 
rere Do. 1.30 405 Do. 
er Do. 2.30 1,360 Do. 
eee Do. 3.30 1,154 | Do. 
as ssnuse Do. 4.00 888 | Do. 
eres Do. 5.15 324 Do. 
| Mean. 640) 
Manila........ June 10 9.15 655| Diffuse 
rer Do. | 9.45 971 | Do. 
Saar Do. | 10.45 1,302 Do. 
eee Ga errs 597 Do. Mean of 91 observations. 


Mean. 609 








Manila........ June 10 11.00 | 471) Bright sun 
RE saiwcguany | Do. | 11.30 | 719 Do. 
De xcssnese | Do. | 12.00noon | 532 | Do. 
re June 11, 9.30 | 791; Do. 
ree Te | Do. | 10.00 590 | Do. 
ree Do. 11.00 | 554 | Do. 
_ ee Do. 11.30 640 Do. 
DO. ceicanes Do. | 12.00 noon 504 | Do. 
Mean. 596 
Mount Pauai.. | eee 2,634 | Darkness | Mean of 17 observations. 
Do. Be os eae wd - 1,254) Diffuse Mean of 50 observations. 
Do. April 30 (d) 468 | Bright sun | Mean of 3 observations. 
Do. | Do. 12.00 noon 432 | Diffuse Mean of 2 observations. 


(a) From December, 1913, to March, 1914. 
(b) From April 23, to 29, 1914. 

(c) From April 20 to 30, 1914. 

(d) From 9.00 a.m. to 10.00 a.m. 


in every case at a place which was comparatively far from any source of 
dust or smoke, so that the air tested was of a high degree of physical 
purity. This was especially true for Mount Pauai and it is an extremely 
important factor in a comparative study of our results, since Eve’ has 
shown that the presence of dust, smoke, or other nuclei may cause a 
variation of more than 50 per cent. in the ionization as recorded by 
1 Phil. Mag. (1913), 19, 657. 
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Ebert’s instrument. The natural leak was always determined just before 
and immediately after a reading and the observations corrected accord- 


ingly. 
TABLE II. 


Mean Values of Ionic Density at Manila; Elevation 3 Meters. 























| Positive. Negative. 
—_ Mean. Maxi- | Mini- | Mean. | Maxi- Mini- 
mum, | mum. mum, | mum, 

1913 | | | | 
December 8........... 579 1,110 | 253 1,152 | 1,621 | 402 
Re eaininwa aiid 487 519 | 446 | «677 «777 | 56 
ON i sate ciand 504 569 | 382 | 557 843 | 369 
TE os soainid be iedel | 2,782 3,047 2,516 | 23,327 | 45,860 1,815 
Oe 6 ed aneks | 1,116 2,555 324 | 446 | 447 445 
eee 561 656 489 | 564 708 | 447 

1914 | 
January 1........... 400 565 202 | 408 565 291 
Te aac ak 351 454 232 | 353 526 258 
| ae ee 487 512 461 | 473 663 282 
a 609 664 582 497 548 418 
Sr 420 512 324 317 338 296 
RES 400 433 366 267 267 267 
Biggs ni axe 363 512 274 378 | 483 288 
ee 346 353 339 | = 275 275 275 
ae 322 360 260 | 332 353 311 
eee 156 195 1146 | 311 311 311 
a 412 412 2 ere eer oer 
tk ed | 402 462 296 325 | 412 275 
February 2........... | 982 2,080 383 997 | 1,560 434 
Oe seme | 613 731 383 | 673 710 636 
eee 713 900 390 | 436 436 436 
eer 601 841 282 695 | 993 397 
ee 418 569 274 432 | 576 295 
TI 418 598 295 423 | 562 188 
De liuadeee 324 324 324 | kane b cgintaae A Aaa 
i ae 627 2,101 oo rweaLeee errr 








Mean value of the positive ions for 91 observations = 597. Mean value of the negative 
ions for 50 observations = 523. 
From the tables it is seen that the values for Manila are consistently 
lower than those for the higher altitudes, and in fact somewhat lower 
than the average values obtained by most observers in other parts of 
the world. The number of each kind, as usually given, being between 
1,000 and 2,000 per cubic centimeter. Apparently, the high values for 
high elevations are not due to altitude alone for the values obtained at 
Baguio, elevation about 1,500 meters, are uniformly higher than those 
on Mount Pauai, elevation 2,460 meters. 
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TABLE III. 
Mean Values of Ionic Density at Mount Pauai; Elevation 2,460 Meters. 
7 Positive. | Negative. 
ame. Mean. | Maxi- Mini- Mean. | Maxi- Mini- 
SO... 2 Brn Mh 
1914 | | 
EG biisivarknasinnes 724 | 929 476 | 
21... cceeeeeeeee| 1568 | 2,960 Oe 2. wee . Sone ee 
ne rey 914 | 1,679 | 482 1,239 | 1,740 737 
ee 2,142 | 5,086 | 849 
24.. | 2,712 4,225 | 1,109 ee re aiden 
ee ree 843 | 1,242 | 649 989 1,387 598 
_ aererererrres | 2,102 | 4,521 303 
MR 51 cr wa wee 2,083 | 3,079 1,118 
__—sB.............. sss 663 1,478 234 | wes | vooe | sone 
Mean value of the positive ions for 66 observations = Mean value of the negative 
1,694. | ions for 5 observations = 
_ — ee | 1,089. — 
TABLE IV. 
Mean Values of Ionic Density at Baguio; Elevation 1,500 Meters. 
— | : Positive. | 7 Negative. - 
ee. or Maxi- Mini- Mean, | Maxi- | Mini- 
mum, mum. mum, | mum, 
1914 | 
NP iiecccwna eens | 4,389 7,295 2,648 rene | 
_ ere 3,427 7,998 942 ee | ee eae 
Mir aceviakmeiaaeetet 7,265 13,560 1,342 6,283 12,620 | 1,110 
DMB cise eck eens | 3,524 9,508 1,108 4,975 9,180 1,442 
___‘12................| 2,396 | 4,480 1,136 — rr sees |. = 
Mean value of the positive ions for 30 observations = |Mean value of the negative 
3,845. ions for 7 observations = 
5,526. 


To explain the higher values for the ionization at high altitudes, there 
are several factors that must be considered. Among these are; the 
increased ionizing effect of the ultra-violet rays of the sun, the accumula- 
tion of ions due to the concentration of the earth’s electrical charge at 
points, and the variations in the relative humidity. The only factor 
that we were able to investigate in the present work was the relative 
humidity. 

In Table V. is given a summary of the mean values of the relative 
humidity and the ionization at different altitudes, together with the 
mean of the daily means. It is interesting to note here that although 
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the relative humidity is higher at the higher altitudes, the absolute 
humidity is almost invariably lower. 





TABLE V. 


Mean Values of Relative Humidity and Ionic Density. 




















_Relative Humidity. Ionic Density. 
Place. —_ | - en a poe of : Mean ar 
| Per Cent. Oper Cent. scene. Daily Means. 
Rabat aan | — a ‘ 
Manila........... 3 | 66.0 | 65.6 | 597 591 
Baguio........... 1500 | 789 | 79.1 | 3,845 4,200 
mnnnend Pauai..... 2,460 | 81.1 77.4 | 1,694 1,525 


The mean of the daily means gives the most reliable data, as the 
average of all observations would be materially influenced by grouping 
the determinations during a period of either high or low relative humidity. 
Throughout our observations a condition of fog, mist, or rain, invariably 
gave a high value for the ionization. This is well demonstrated in Table 
II. by the observations of December 23 when the negative ions increased 
from 1,815 to 45,860 in a period of about two hours, the weather changing 
from partly cloudy to a heavy shower. 

The effect of the humidity on the ionization is also well shown by Figs. 
I and 2 in which the relative humidity and the ionization for 24-hour 


lowearion ano Recarive Hurwory Cuaves ron Apa 23 ano 24 rear Moun? 


of Mummbhy 


fers per Cube Combhrmeter 





Time of Day 


Fig. 1. 


Ionization and relative humidity curves for April 23 and 24, 1914, at Mount Pauai. 


periods at Manila and on Mount Pauai are plotted against the time 
of day. 
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The ionization curve lags slightly behind the humidity curve as might 
be expected, but on the whole the two curves show too great a uniformity 
to be purely accidental. In all our observations there was no apparent 
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forrs per Cubec Centimeter 





Tirme of Day. 


Fig. 2. 


Ionization and relative humidity for March 30 and 31, 1914, at Manila. 


relation between the maximum and minimum values and the time of 
day, except in so far as the time of day influenced the value of the relative 
humidity. This probably accounts for the high values obtained for dark- 
ness at Mount Pauai, as shown in Table I., since the relative humidity 
was nearly always greater at night. 

No attempt has been made to measure the large ions in the atmosphere, 
the number of which, as shown by the work of Langevin,! Pollock,’ 
McClelland and Kennedy,’ and others is much larger than that of the 
small ions. The mean values given in Table VI. are for the ionization 
as recorded by Ebert’s apparatus. 

For the sake of comparison a brief summary of the results of some 
other observers is given in Table VII. 


TABLE VI. 


Mean Values of Small Ions Recorded by Ebert's Apparatus. 





Place. Elevation, Meters. | Ms . 
Manila.............00..0ce00e. 3.0 | 587 523 
ee Sy er 2,460.0 1,694 1,089 
Ld, See ee ee rr 1,500.0 | 3,845 5,536 


From a general survey of the literature on the subject of atmospheric 
ionization and the published results of investigations, it is evident that 
1 Loc. cit. 


2 Loc. cit. 
3 Loc. cit. 
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a large amount of experimental evidence must yet be obtained before 
any definite conclusions may be drawn. The work thus far shows that 
the ionization varies between wide limits, not only from day to day 
but from hour to hour. The limits of this variation, also, seem to be 


TABLE VII. 


Mean Values of Small Ions as Recorded by Other Observers. 


Observer. Place. | m, | nn | Reference. 








Boltzmann..... Over Ocean........... / 1,150, 800 | Phys. Zeit., 1904. 
Simpson....... Seer rrr / 1,120) 972 | Phil. Trans., 1905. 

Baio weasaes Over Ocean........... 975 783 | Phil. Mag., 1907. 

BOD s cctcccnss Montreal and Quebec...; 323 372 | Do. 

Eve..........| Gulf of St. Lawrence....| 761) 743 | Do. 

Schuster...... | Manchester........... | 3,000 | Proc. Man. Phil. Soc., 1904. 


independent of the location in which the observations are made. Even 
the determinations taken over the ocean do not vary greatly from those 
over the land. 

From our results it seems quite evident that the number of small 
ions in the atmosphere of the tropics is of the same order of magnitude 
as the number observed in other parts of the world, also that the number 
of ions per cubic centimeter increases with altitude and with relative 
humidity. The increase in ionization with altitude is contrary to the 
radio-active theory of atmospheric ionization, which as pointed out by 
Eve,! should decrease rapidly as we ascend from the surface of the earth. 
It is true that observations on a mountain peak do not give a true altitude 
effect, and yet some evidence of a decrease ought to be manifest, since 
the authors? in previous work found that the radium emanation content 
of the air at high altitudes is much lower than at sea level. It seems 
therefore, that there must be some other causes influencing the ionization 
which are as yet not completely determined. 


THE RATIO OF THE POSITIVE TO THE NEGATIVE IONS. 


The fact that the higher atmosphere carries a positive charge would 
necessitate that the positive exceed the negative ions in number. The 
mean value obtained for the ratio of positive to negative ions (1.17) 
however, is much larger than is necessary to explain the positive charge 
of the atmosphere. Eve’ has pointed out that this apparent excess, as 

1 Phil. Mag. (1911), 21, 26. 


2 Phys. Zeit. (1914), 15, 31. 
3 Phil. Mag. (1910), 19, 657. 
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a.m. 
11.33 


10.16 
11.06 
10.31 
10.44 
10.48 


11.07 


10.53 


10.45 


10.10 


11.20 
10.44 


9.12 
11.30 


9.00 
9.06 


10.41 


10.06 


10.09 


10.33 


10.00 


fon _. | To om 


TABLE VIII. 


Ratio of Positive to Negative Ions at Manila. 


Interval. 


p-m. | a.m. p-m. 
| 12.41 
2.36 | 3.46 
| 10.59 
2.32 3.42 
| 12.24 
2.12, 3.30 
| 11.46 
11.56 
| 11.57 
2.40 3.50 
| 12.14 
2.46 3.47 
11.57 
2.32 | 3.11 
1.29 2.31 


1.56 3.05 


3.08 3.49 


12.02 
4.31 
12.08 
4.06 
2.48 
3.26 


3.32 
3.09 


3.00 


4.15 








3.33 | 
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Weather Remarks. 


314} 402 | 0.782 | Following light shower. 
1,110 | 1,527 | 0.727 | 
446 | 576 0.773 | Variable, threatening. 
508| 777 | 0.654) Do. 
475| 461 | 1.032 | Fair. 
562) 606 0.926) Do. 
2,781 | 1,815 | 1.535 | Variable. 
568| 447 | 1.046 | Fair. 
572| 537 | 1.065| Do. 
537| 577 0.931! Do. 
| 
498| 565 | 0.883 | Fair. 
202| 334/ 0.605) Do. 
300! 258 | 1.162) Do. 
454| 526| 0.733 | Partly Cloudy. 
487| 663 | 1.186 | Fair. 
663) 526, 1.206| Do. 
582| 483 1.206) Do. 
375| 338) 1.110) Do. 
512| 296) 1.730) Do. 
366| 267 | 1.371} Do. 
289| 362/ 0.799) Do. 
512| 386| 1.329) Do. 
346| 275 | 1.258) Do. 
346| 353| 0.981 | Do. 
310} 310} 1.000! Do. 
156) 311 0.500! Do. 
373| 289) 1.290} Do. 
462| 344 | 1.345 | Do. 
434} 434) 1.000} Do. 
2,080 | 1,560 | 1.332 | Cloudy with mist. 
513| 636 | 0.860} Do. 
713| 710 1.003| Do. 
645) 436 1.481 | Fair. 
667| 993 0.673} Do. 
536| 397 1.351 | Partly cloudy. 
490 | 576 | 0.850 | Fair. 
274| 360 0.760| Do. 
328! 188 1.748) Do. 
598| 540 1.110) Partly cloudy. 


Mean value of ratio = = 1.051 
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measured by the Ebert’s instrument, may be explained as due to the 

following causes: 

1. A real excess. 

2. More rapid diffusion of the negative ions to parts of the instrument, 
due to their greater mobility. 

3. More rapid diffusion to centers; dust, smoke, mist, etc. 

4. Apparent loading due to water vapor. 

Consequently, the ratio as given by Ebert's ion-counter is probably in 

excess of the true value; furthermore, it is to be remembered that this 

instrument detects only the small and a portion of the intermediate ions. 
In our determinations of this ratio three readings were taken in every 

case, so that any sudden change in the number of positive or negative 

ions would be detected. The results are given in Tables VIII. and IX. 


TABLE IX. 


Ratio of Positive and Negative Ions at Baguio and Mount Pauai. 











Interval. | | ns Weather 
Date. ri -—- . ms | m_ | n_ Remarks, 
| Laaaleaes Pen! Sane — adicemntsiahedicated 
1914 =| 1m. p.m. am. p.m. 

May 9....| 11.40 | 12.47\ 4,117 | 5,120 | 0.804 Cloudy. 
B.55] 2.05 2.38 13,560 | 12,620 | 1.074 | Rain. 
11....) 8.35 9.08 2,201 | 1,442 | 1.540 Cloudy. 
11....) 11.05 11.43 | 2,604 | 4,638 | 0.567 Do. 
inl 3.35 | 4.13) 9,508 | 9,180 | 1.037 Do. 

| | ‘mie 
| Mean value of ratio = for Baguio = 1.004 
| = | 

April 22....) 8.56 9.54 | 685 | 737 | 0.930 — Slightly hazy. 
22....| 2.44 4.48 | 1,142 | 1,740 | 0.656 Cloudy. 
25....| 8.48 | 9.49 | 649 | 598 | 1.086 Fair. 
25....| 2.48 | 3.48) 1,242 | 1,184 1.050 Cloudy. 
30..../ 9.02 10.12 | 585 | 234 | 2,500 _ Bright. 

| Mean value of ratio ‘for Mount Pauai = 1.244 


Our mean value for Manila is 1.051; for Baguio, 1.004. These are 
both lower than the average given above, but our mean for Mount Pauai, 
1.244, is decidedly higher. It is interesting to note that many of our 
observations give a value less than unity for this ratio. This means 
that the gradient of the electric intensity becomes negative. It is to 
be regretted that we were unable to take any observations on the potential 
gradient, for simultaneous readings on these two factors would be of 
interest. 
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SUMMARY. 


1. The number of positive and negative ions per cubic centimeter in 
the earth’s atmosphere has been determined at Manila, Baguio, and on 
Mount Pauai. The ratio of the positive to the negative ions for the 
above mentioned places has also been investigated. These determina- 
tions were made with an Ebert’s ion-counter. 

2. The mean value obtained for the ionic density does not vary 
greatly from the value obtained by observers in other regions. The 
number increased with altitude and showed a fairly uniform tendency 
to follow the variations in relative humidity. 

3. The ratio of the positive to the negative ions at Manila, and at 
Baguio, is less than the mean of earlier observers, while the value at 
Mount Pauai is greater. Many of the observations gave values less than 
unity, which shows that at times the gradient of the electric intensity 
has a negative sign. 


DEPARTMENT OF PHYSICS, 
UNIVERSITY OF THE PHILIPPINES, 
MANILA, P. I. 
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ON THE CONSTRUCTION OF SENSITIVE PHOTOELECTRIC 
CELLS. 


By JAKOB KUNZ AND JOEL STEBBINS. 


HE high sensitiveness of photoelectric cells of alkalihydrides has 

been discovered by Elster and Geitel. For several years we have 

tried to apply this cell in stellar photometry. J. G. Kemp! and W. F. 

Schulz? have shown that it is possible and advantageous to replace the 

selenium in stellar photometry by the photoelectric cell. Practically at 

the same time corresponding measurements have been made in Germany, 
especially in the observatory of Berlin. 

One of us has reported on an astronomical discovery made by the 
photoelectric cell in the Evanston meeting of the American Astronomical 
Society in September, 1914. In the last two years we have tried to 
improve the photometric properties of the cell and we have arrived at a 
form which seems to be satisfactory with respect to sensitiveness, con- 
stancy, absence of the dark current, etc. The final form is indicated by 
Fig. 1, which is drawn full size. The glass bulb is 3.4 cm. in diameter. 


1 <= a ) 


c 
Fg. 1. 











It contains a small platinum cathode C, a platinum ring of 1.8 cm. in 
diameter as an anode A, which passes through a platinum cylinder B; 
this cylinder was found to be very necessary in order to lead surface and 
electrolytic currents of the glass to earth. Strips of tinfoil were occa- 
sionally wrapped around the glass cylinder at D and the cathode C, in 
order that dark currents might be suppressed. The tubes are connected 
to the mercury pump and heated two to three hours to 330° C. to drive 
off the remaining gases. A small quantity of the pure alkali metal is 
distilled on the silver mirror of the cell, which is kept cool by cold water 
or ice, at the same time the end AD of the cell is heated from 160 to 240°, 
according to the alkali metal, by means of a heating coil. 


1J. G. Kemp, Puys. REv., Vol. I., p. 274, 1913. 
2 W. F. Schulz, Astrophysical Journal, Vol. XX XVIII, p. 187. 
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The most sensitive cells have been obtained when the metal was 
deposited in a thin uniform layer. Pure hydrogen from palladium was 
then admitted and its pressure so adjusted that a potential difference 
of 280 to 400 volts between the electrodes produced a uniform glow 
discharge. Often a spark or arc appears instead of the bright uniform 
glow, and the spark is apt to destroy the sensitive layer. By experience 
one finds the best conditions for the glow to appear. The sensitiveness 
will be tested during the formation of the hydride. As a rule the forma- 
tion requires only one to three seconds for the maximum sensitiveness; 
if continued, the colors of the compound change and the deflection in 
the galvanometer decreases. During the formation the electrode C is 
negative and A positive. But in certain gases like ammonia and ethane 
a sensitive layer is also formed if the current is reversed. After the 
formation the gas is carefully pumped out and replaced by an inert gas, 
helium, argon, or neon. The pressure is so chosen as to get a maximum 
sensitiveness. 

Experiments have been made with the object of finding out the 
influence of the size and shape of the cell on the sensitiveness. The - 
diameter varied from 5 to 2.5 cm. and the sensitiveness rather increased 
with decreasing diameter. The silver mirror was sometimes deposited 
on a flat or conical bottom, so that the incident light should be reflected 
and its action increased; but very little increase in the deflection of the 
galvanometer was observed, so that the ordinary spherical shape was 
chosen. 

Efforts have been made to replace the hydrogen by other gases, for 
instance ethane, ammonia and acetylene. With ethane and the current 
reversed a very dark violet-blue color was obtained of a high sensitive- 
ness, and of a beautiful metallic luster, but unfortunately the sensitive- 
ness proved not to be constant. When dry ammonia vapor was used 
instead of hydrogen for the formation, a bright blue layer was obtained 
of high sensitiveness which however decayed also in the course of time. 
Acetylene finally formed a black layer with potassium under the influence 
of the electric field, but it was very little sensitive. So far hydrogen 
seems to give the most sensitive and the most constant cells. 

Four alkali metals have been used, viz., sodium, potassium, rubidium 
and cesium. The best results have been obtained with rubidium and 
neon. The metal was distilled in the cell while the silver mirror was 
cooled with ice. A potential difference of 280 volts produced a glow in 
the hydrogen and a very beautiful violet reddish sensitive layer with a 
bright metallic luster. The hydrogen was then replaced by helium, 
argon or neon. The neon was received from the Bureau of Standards. 
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The three curves A, B and C, of Fig. 2 show the relative sensitiveness 
of the rubidium cells filled with these three gases. Helium gives the 
smallest, neon the best sensitiveness. Nevertheless it is possible that 
the helium and argon cells are better than the neon cell because the 
curve for the neon rises much quicker than the other curves, in other 
words the neon cell is more sensitive to small changes of the potential 
difference acting between the electrodes than the helium and argon cell. 
It is very important to use perfectly pure gases. 

The sensitiveness of some cells decays slightly during the first few 
days after the formation and then becomes constant. Some distinct 
white spots appeared on the surface of some of the very bright violet 
rubidium metals, and in one or two instances such a spot became wider 








in the course of time and covered finally the whole surface, which then 
appeared bright bluish, and whose sensitiveness was considerably less 
than that of the original violet surface. When the cells were of a larger 
size, these bright violet-red surfaces on rubidium were never obtained, 
but rather sky-blue and blue-green colors which exhibit very beautiful 
iridescence. The potassium cells were formed with a potential difference 
of 360 volts. The glow discharge gives almost instantly rise to a most 
beautiful golden rose color, which is exceedingly sensitive, but not very 
stable. When the formation is continued for a second or two, a deeper 
violet-red appears which remains practically constant, but the golden 
hue gradually fades away. The sensitiveness of the cell when filled 


with the different gases is shown by the curves of Fig. 3. Neon again 
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shows the greatest sensitiveness, hydrogen the smallest, argon seems to 
give a curve which lies between A and B, but this question is not quite 
settled. A comparison of Figs. 2 and 3 shows that for rubidium we find 
the same photoelectric current with a potential difference about 40 
volts smaller than for potassium. Very striking iridescence can be 
obtained by the potassium. 

Cells have also been formed with sodium and cesium. The former 
metal gives very sensitive cells, but their construction is more difficult 
than that of the potassium and rubidium cells, the sodium seems to act 
somewhat on the silver mirror, so that the distilled metal does not seem 
so bright on the silver as on the glass. If however, the metal is distilled 
on the glass bulb directly, then the contact with the electrode is un- 
satisfactory. The pure metal seems to give a very sensitive golden 





Fig. 3. 


layer. The cesium finally is liquid at 28° and can therefore not be used 
directly. A solid amalgam of this alkali metal has been formed which 
was, however, of a rather weak sensitiveness. 

The cells described in this article show a very small dark current; if 
it exists at all, it can be compensated by the application of a convenient 
small potential at the platinum cylinder between the two electrodes. 
As far as our present measurements indicate, there is an accurate pro- 
portionality between the intensity of the incident light and the photo- 
electric current. The cells are used in stellar photometry. 


LABORATORY OF PHYSICS, 
UNIVERSITY OF ILLINOIS, 
August 12, IQI5. 
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REFLECTION FROM, AND TRANSMISSION THROUGH, 
ROUGH SURFACES. 


By A. F. Gorton. 


T is a matter of common knowledge that matt surfaces, such as 
ground glass, smoked glass, paper and plaster-of-Paris, which scatter 
in all directions the light that falls upon them, behave like polished 
surfaces when viewed at grazing incidence. According to the theory 
usually advanced in explaining this action, if the light scattered in a 
given direction by the elevated portions of the surface differs in phase . 
from that returned in the same direction by the hollows or pits in the 
surface by a quantity small in comparison to }/2, the light may be 
regarded as regularly reflected. The light thus reflected will be di- 
minished in intensity, depending on the magnitude of the phase difference. 
Lord Rayleigh! showed this experimentally by sending light from a 
Welsbach lamp upon a thermo-couple after reflection from two parallel 
plates of silvered ground glass. A third ground and silvered plate was 
found to reflect as much energy as a polished silvered mirror. This 
experiment is in a sense qualitative, for it does not tell with what inten- 
sity the individual wave-lengths are reflected. 

A study of rough surface reflection has been made recently by Meyer,? 
but his experiment also may be looked upon as qualitative in the sense 
referred to above. He employed a rather interesting scheme for showing 
that rough surfaces reflect like mirrors for sufficiently long waves. 
Light scattered by the matt surface was received by a concave mirror 
and focused on the slit of a fluorite prism spectrometer, which threw 
approximately monochromatic light on a thermo-couple. A galvan- 
ometer in series with the thermo-couple measured the amount of energy 
received from the matt surface. By rotating the concave mirror, the 
blurred image could be gradually thrown off the slit, first in one direction, 
then in the other. With the spectrometer set for wave-length 8 y, 
measurements taken with the rough surface in question showed a sharp 
decrease in intensity as the image was shifted off the slit,—this decrease 
being very nearly as sudden as that obtained when a polished mirror was 


1 Nature, 64, p. 385, I90I. 
2 T. J. Meyer, Verh. Deutsch. Phys. Ges., p. 126, Feb., 1914. 
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substituted for the rough surface. As the wave-length was decreased, 
this drop in intensity became more and more gradual. In other words, 
waves longer than 8 y are regularly reflected and therefore sharply 
focused on the slit; while the shorter waves are scattered, and form a 
broad, diffuse image. 

Though Meyer’s experiments tell us how a surface of a certain degree 
of roughness behaves towards waves of different lengths, the method is 
not directly designed to show the reflecting power of such a surface 
throughout the spectrum. The experiments described in the following 
pages were undertaken with the idea of ascertaining the reflecting power, 
for the range of wave-lengths .6 wu to 144, of matt surfaces which can 
be easily and quickly prepared, and thereby showing how well such 
surfaces are fitted to act as screens for cutting off the short waves. Not 
only reflection, but also transmission experiments (using roughened plates 
of rock-salt) were performed. It is not necessary to remark that a 
reflection “‘screen”’ is preferable to a transmission cell because it is 
good for an unlimited range of wave- i i as | 
lengths in the infra-red, whereas rock- NC a eM, 
salt and other so-called ‘‘transpar- Mb 
ent’’ substances possess regions of M,Z vie see] 
opacity. Besides these experiments ; 3 
on rough surfaces, some work was Ma>= a 
done on the reflecting power of Ss i Ms IT 
polished glass, quartz and Iceland P at é 
spar, in the regions of metallic reflec- Py f iy 
tion, as a function of the angle of X70 fy 
incidence. The curves obtained have A 
been included in this paper, together | ee: 
with a brief discussion of their bear- | jy 
ing on the reflection of plane-polar- a 
ized light. seats 

A pparatus.—The arrangement of apparatus is shown in Fig. 1. The 
source of light was a Nernst glower JN, suitably protected from air cur- 
rents by a metal cover. The glower was operated on a 110-volt storage 
battery, and the constancy of its radiation was found to be ample for 
the short period of time (5 minutes or less) required for taking measure- 
ments at a definite wave-length. The light was focused by a concave 
silvered mirror m, (7.5 cm. in diameter and 26 cm. focal length) upon the 
rough surface me, whence the light was received by ms (a duplicate of m,) 
and focused on the first slit S, of the spectrometer. Although the dia- 
gram shows the arrangement for throwing a converging beam of light 
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on the rough surface, all the earlier experiments were performed using 
strictly parallel light. In both cases the spectrometer receives that 
proportion of the light which is scattered by the rough surface at the 
same angle (angle of incidence = angle of reflection) as that at which 
light is regularly reflected by a polished mirror. The matt surface was 
pressed firmly by a spring against three screws held in a suitable frame- 
work—a device which ensured the exact replacement of one mirror by 
another. In addition, this framework, together with m, and N, rested 
upon a brass plate which rotated about a vertical axis passing through 
the middle point of the surface me, so that it was possible to alter the 
angle of reflection from 0° to 90° without changing the relative positions 
of N, m, and m, or of ms, mz and m4. 

The spectrometer was of the usual type, consisting of a rock-salt prism 
P (area of faces 5x 9 cm.), mounted with the plane silver mirror M; 
according to Wadsworth’s arrangement for minimum deviation on a 
prism table whose axis of rotation passed through O. The table was 
turned by means of a device used by Mendenhall—a micrometer arrange- 
ment (not shown in the drawing) by which angular displacements of 
1/10 second could be accurately read. The concave mirror M, (the 
only one used in the spectrometer) was of speculum metal, of 10 cm. 
aperture and 58 cm. focal length, figured by Brashear. The parallel 
beam of light reflected by M, reached the prism P after striking the plane 
silvered mirror M2, which was introduced in order to decrease the astig- 
matism and thus improve the definition of the image. With the idea 
of doubling the resolving power, it was decided to return the light 
through the prism, so that the same effect was obtained as from two 
prisms in series. This was accomplished by inserting the plane silvered 
mirror M,, which received the light from M; and returned it over approxi- 
mately the same path, so as to reach the thermo-couple by way of M, 
and M;. The edge of M; was beveled, so that the angle between the 
incident and return beams was as small as 2°. This slight departure 
from the strict conditions for minimum deviation caused no appreciable 
shift in the spectrum, as shown by the observed positions of the CO, 
emission bands (2.74 and 4.4y), the bands of metallic reflection of 
quartz (8.5 u and 9 yw), and the Iceland spar band (6.7 u) agreeing with 
the calculated positions. The thermo-couple T was a 3-junction com- 
pensated instrument, of bismuth-tin alloy, with a receiving surface 
12 mm. long and I mm. wide; and the galvanometer was of the D’Arson- 
val type with a silver wire suspension. Both instruments were con- 
structed by Dr. A. H. Pfund.!. The thermo-couple-galvanometer system 


1 Phys. Zeit., 13, 1912, p. 870. 
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had a sensibility of 150 cm. scale deflection for a candle at 1 meter, the 
scale distance being 4 meters. Throughout the work but little trouble 
was experienced with the galvanometer, which was not magnetically 
shielded. Over periods of time as long as 15 minutes the zero was 
constant to within 0.1 mm., and at all times readings could be repeated 
to within 0.3 mm., though such accuracy was not needed in view of the 
larger experimental errors inherent in the method employed. This 
steadiness is thought to be due in part to the care taken to protect the 
thermo-couple from stray radiation. An air-tight cover of galvanized 
iron, wrapped with a thick layer of felt, and provided with a small 
window for admitting the incident light, fitted securely over the whole 
spectrometer. After the initial adjustment for minimum deviation, this 
top was screwed down and the spectrometer permanently closed, save 
for the short intervals of time (30 seconds) when the window was opened 
for the purpose of taking readings. Dishes of sulphuric acid and calcium 
chloride were placed near the prism to remove moisture. 

The arrangement described above for returning the light through the 
prism—a combination Wadsworth-Littrow mounting—possesses several 
advantages over the ordinary type of infra-red spectrometer: it yields 
double the resolving power afforded by a single passage of the light 
through the prism, and, for a prism of given size, delivers four times 
as much energy as the ordinary type of spectrometer with double the 
focal length; it involves the use of only one concave mirror, which, 
however, must be carefully figured; and it permits of an extremely 
compact spectrometer. As an illustration of the resolving power of the 
present instrument, a curve showing the transmission of pure ethyl 
alcohol is given below (Fig. 2). This curve is taken from some un- 
finished work of the writer’s on the absorption spectra of organic sub- 
stances during chemical reaction. Fig. 4, which shows the transmission 
of a film of alcohol 0.01 mm. thick, is copied from Coblentz’s “ Infra-red 
Absorption Spectra.’”’ (The percentage transmission is plotted as ordi- 
nates, and wave-lengths in uw as abscisse.) It will be observed (see 
Fig. 2) that there are three small absorption bands between 2 yw and 3 yp, 
and perhaps five from 4 u to 6 uw, while the great band at 3.5 wu is plainly 
double, one component being at 3.3 4 and the other at 3.74, with a 
slight intermediate maximum at 3.5 4 (see magnified view in Fig. 3). 

Experimental Procedure.—In the work on the reflection from rough 
surfaces, the procedure adopted was as follows. With the spectrometer 
set at a particular wave-length, the galvanometer deflection obtained 
with the rough surface in position (me, Fig. 1) was noted, together with 
the deflection cbserved when the matt surface was replaced by a polished 
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plane mirror of the same substance. The ratio of the two deflections 
may be termed the “‘relative”’ reflecting power of the matt surface in 
question. Proceeding in this manner throughout the spectrum, a curve 
was drawn with wave-lengths as abscisse and “relative’’ reflecting 
powers as ordinates. Then the angle of incidence was changed (but at 
all times the angle of incidence equalled the angle of reflection) and a new 
curve drawn. Having obtained a number of curves at different angles 
of incidence, a rougher (or smoother) surface was substituted and the 
same procedure repeated. In this way the effects of the two factors— 
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angle of incidence and degree of roughness—could be analyzed separately, 
and the most suitable method of roughening the surface ascertained. 
In view of the fact that the object of the experiments was to develop an 
infra-red screen, it may seem more logical to get the absolute reflecting 
power of the matt surfaces, either by a direct method, or by comparison 
with a plane silvered mirror. This was not done for several reasons. 
In the first place, it was found convenient to use ordinary plate glass in 
grinding most of the surfaces. Though some of the surfaces were after- 
wards silvered, the result was not a success, because the customary 
polishing with rouge could not be resorted to. Since the absolute 
reflection curve of glass is not only very low (4 per cent.) in the trans- 
parent region, but is complicated by a curious maximum near 9 y, it is 
clear that the absolute reflection curves of rough glass, taken at various 
angles, would not be very illuminating. Moreover, it was deemed 
advisable to ascertain if the character of the substance used in making 
the surface had any influence on the shape of the rePection curves. 
This could be done only by the method first described. 
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In the experiments on transmission through rough surfaces, a slight 
change was made in the disposition of apparatus. The framework used 
for holding the matt surface m2 (Fig. 1) was removed, and the brass plate 
supporting NV and m, was rotated so that the light traveled directly from 
m, to m3, being brought to a focus midway between the two mirrors. 
At this focal point was introduced the roughened plate of rock-salt 
whose transmission was desired. The ratio of the deflection obtained 
with the rock-salt plate in position to that observed when the plate 
was removed gave the percentage transmission. 

In the supplementary work on the reflecting power of polished glass, 
quartz and Iceland spar as a function of the angle of incidence, com- 
parison was made with a plane silvered mirror, whose reflecting power 
was found later by a direct method, and the reflecting powers relative to 
silver were thus reduced to absolute values. 

Results —The simple theory given above tells little about the behavior 
of ordinary rough surfaces towards waves of different lengths, for the 
reason that such surfaces are extremely irregular in structure. This 
fact is brought out by examination with the microscope, and is shown 
also by the absence of decided interference minima in the reflection curves. 
Such minima are exhibited by a surface of regular topography—for 
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instance, a plane reflection grating placed with its grooves parallel to the 
plane of the incident and reflected beams of light. The writer used a 
small speculum grating, of 7,000 lines to the inch, ruled by Dr. J. A. 
Anderson. The grating was placed with its lines horizontal and its 
reflecting power, at 23°, compared with that of polished speculum. The 
result is shown in Fig. 5. (Wave-lengths in uw are plotted as abscisse, 
“relative”’ reflecting power in per cent. as ordinates.) A deep minimum 
is noticed in the curve at 0.71 uw, where the relative reflecting power is 
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42 per cent., and a second one, less marked, at 1.7 4. If we assume for 
the sake of simplicity that the grooves are all shaped like the letter V, 
it is a simple matter to calculate their probable depth. The condition 
for the principal interference minimum is 2H cosi = \, where H = depth 
of groove, 1 = angle of incidence. Substituting the values \ = .71 y, 
4 = 23°, H is found to be .38 yu, or 1/66,000 inch.! 

Rough Surface Reflection.—Various processes of preparing matt sur- 
faces were tried, but only one—that of grinding with the finest emery 
and water—was found satisfactory. Glass plates which had been 
roughened with the sand-blast and others which had been etched were 
tested, but some were found to be too coarse and all were lacking in 
uniformity. The attempt was made to plot the reflection curves of 
smoked glass at various angles of incidence, in order to draw a com- 
parison between this type of matt surface and the ordinary ground sur- 
face, the former being topographically the reverse of the latter. Uniform 
films of smoke of any desired thickness are easily produced, but, as one 
might expect, their reflecting power, even at large angles of incidence 
and for waves as long as 10 y, is very small. Some observations were 
made on smoke films which had been gold-plated cathodically, but they 
proved disappointing, perhaps because the deposit of gold was too thin 
to increase the reflecting power appreciably. The surfaces whose curves 
appear in Figs. 6, 7, 8 were all prepared by the method first described. 
Two pieces of ordinary plate glass } inch thick were ground together, 
using the finest grade of Bausch & Lomb emery and enough water to 
prevent sticking. A few minutes’ grinding yielded a fairly fine and very 
uniform surface. Much smoother surfaces were obtained by washing 
off the emery and continuing the grinding with water alone, but great 
care had to be taken to avoid scratching. In order to increase the reflect- 
ing power and to see if the material of the surface played a réle, some of 
the plates were coated cathodically with gold, platinum and silver. 
Some typical curves are shown in Fig. 6. Curve I. gives the “‘relative”’ 
reflecting power at 23° of a comparatively rough plate which had been 
silvered; Curve II. was taken at 70°. Curve III. shows the relative 
reflecting power of a much finer surface, also silver-plated, at 45°. (In 
all the reflection curves values of the relative reflecting power, 7. e., the 
reflecting power of the rough surface divided by that of a polished mirror 
of the same material, are plotted as ordinates, and wave-lengths in yu 
as abscisse.) In the case of both surfaces, the comparison mirror was 
silvered simultaneously with the matt surface, to ensure films of equal 


1 Note.—It is to be observed that the curve (Fig. 5) in reality gives the energy distribu- 
tion in the principal image of the grating. 
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thickness. One notices that increasing the angle of incidence from 23° 
to 70°, in the case of the rougher surface (Curves I. and II.), increases the 
steepness of the curve and eliminates the horizontal portion at the 
short-wave end, but causes no considerable increase in reflecting power 
beyond 104. It is also plain that the curve for a smoother surface 
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(Curve III.) is steeper than that for a rougher one even at a greater angle 
of incidence. These and other facts are brought out better by Figs. 7 
and 8. Fig. 7 gives the relative reflecting power of a surface not quite 
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as coarse as the first one described above, which was platinized cathod- 
ically, and Fig. 8 shows the results obtained with an exceedingly fine 
surface of ground glass which was not covered with any metallic deposit. 
The former was compared with a polished mirror platinized simul- 
taneously with the rough surface, and the latter was compared simply 
with a polished plate of glass. The angle of incidence is marked on each 
curve. In order to show, for a given rough surface, how the relative 
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reflecting power for a fixed wave-length varies with the angle of incidence, 
some points were taken from the curves in Fig. 8 and plotted as shown 
in Fig. 9. A glance shows that the relative reflecting power increases 
most rapidly at 1 uw for angles between 75° and 80°. 

Analysis of all the curves brings out the following points: 

1. For small angles of incidence the curves are not steep and reach a 
limiting value considerably below the theoretical value of 100 per cent. 
This is attributed to the presence in the surface of pits much deeper 
than the average. For the same angle, the curve for the finer surface 
is steeper and attains higher values. 

2. Increasing the angle of incidence steepens the curve, and the 
smoother the surface, the greater the increase in steepness. 

3. For the purpose of serving as a screen for cutting off the short 
waves, a rough surface at a large angle is inferior to a smoother surface 
at a smaller angle. 

4. The steepest curves of all are obtained with the finest surfaces 
used at large angles of incidence. 
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5. The material of the surface does not affect the shape of the curves 
for the ‘‘relative”’ reflecting power. Hence if the ground glass surface 
mentioned above were silver-plated, the curves in Fig. 8 would give 
absolute values of its reflecting power. 

Transmission through Rough Surfaces.—Fig. 10 gives the results of 
some experiments on the transmission of rough rock-salt crystals. Since 
both faces of each crystal were roughened, and therefore the light had to 
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pass through two matt surfaces, the curves ‘are steeper than they would 
be if only one face were rough. Curve I. was taken with a crystal 
ground with emery, whose surfaces were very rough. Curve II. shows 
the transmission of a finer plate, which was transparent to red light. 
Curve III. is for a crystal which was roughened simply by breathing 
on it for a few seconds. On account of the steepness of the curve, this 
plate makes a satisfactory transmission screen for eliminating wave- 
lengths shorter than 1y. A curious feature of this particular crystal 
was that, when held before the Nernst filament, it transmitted only the 
blue-green,—a striking phenomenon of interference exhibited beautifully 
by films consisting of minute bubbles,! and by gratings whose central 
images are colored. Viewed under the microscope the surface showed 
a regular structure resembling that of a honeycomb. 

Reflecting Power of Polished Glass, Quartz and Iceland Spar as a Func- 
tion of the Angle of Incidence-—In mapping the ‘“relative’’ reflecting 
power of ground glass, it was thought advisable to plot the reflection 

1 Wood’s Optics, p. 253, new edition. 
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curves of polished glass at various angles. The results are given in 
Fig. 11, ordinates being absolute values of the reflecting power, and 
abscisse wave-lengths in uw. The curves were taken at the following 
angles of incidence: I. at 23°, II. at 54°, III. at 60°, IV. at 63°, V. at 
70°, VI. at 81°, VII. at 84°. The reflecting power at 23° is low in the 
visible (4 per cent.), drops to a fraction of 1 per cent. at 8 uw, and rises to 
. a maximum at 9.4 yu, with a slight bulge in the curve near 8.8 y. In- 
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creasing the angle of incidence has the effect of doubling this maximum, 
and the minimum at 8 y is accentuated, the rise from 8 uw to 8.3 uw being 
enormously steepened. In the region of transparency (7. e., below 7 u), 
the increase in reflecting power follows the law for the reflection of 
unpolarized light, 





j= 2 oe arrest: 


sin? (¢+ 7) tan? (¢+ 7) 

In the region of absorption (beyond 7 yw), the changes in the index of 
refraction and the extinction coefficient would appear to be rather 
complex. That these curious effects are due in part to polarization 
seems probable for several reasons: (1) The doubling of the maximum 
begins to be marked in the vicinity of the angle of maximum polarization 
(56°). (2) Nyswander! mapped the reflection curves for the crystals 
calcite and aragonite, using light plane-polarized in different azimuths, 
and showed that certain maxima of reflection are due to one component 
of the incident light but not to the other, while other maxima are due 
to both. 


1 Nyswander, Puys. REv., 28, 1909, p. 291. 
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Nyswander’s results seem to have a direct bearing on the curves for 
glass given above, and also on those for quartz and Iceland spar, which 
are given below in Figs. 12 and 13 respectively. At large angles of 
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incidence, the minima on both sides of the maxima become very striking. 
In the case of quartz (Fig. 12) the minimum at 7.5 u becomes sharply 
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defined at 78° and is very deep at 84°, while that at 9.6 uw is absent in all 
but the 84° curve. At 84° the maximum at 8.6 uw is apparently double, 


and a curious minimum appears at 12.7 yu. 





In the case of Iceland spar 
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(Fig. 13) the maximum at 6.7 uw shows signs of being double at 45°, and 
is apparently triple at 84°. These distortions of the reflection curves 
may be traced to the elliptical polarization! which is known to take place 
at the surface of the crystal. Results of theoretical importance in regard 
to a possible connection between the angle of incidence and the optical 
constants of the crystal, in the region of metallic reflection, might be 
hoped for if these experiments were repeated, using plane-polarized 
light. This the writer expects to do in the near future. 


SUMMARY. 

1. A study of the reflecting power of matt surfaces at various angles of 

incidence and of the transmission of roughened plates of rock-salt, in the 
region 0.6 uw to 13 uw, has been made for the purpose of finding a suitable 
screen for cutting off the short waves. 
' 2. The best results, in the case of reflection, were obtained with the 
finest surfaces used at rather great angles of incidence. Experiments 
showed that a surface of plate glass, which had been ground uniformly 
with the finest emery and then silvered, when used at an angle of 75°, 
reflected 90 per cent. at 4 4, approaching 100 per cent. for longer wave- 
lengths, and only 10 per cent. at I yw, less than 5 per cent. in the visible 
red, approaching zero for the shorter waves. Very similar results were 
obtained for the transmission of a plate of rock-salt which had been 
roughened merely by breathing gently upon it. In both cases, the finer 
the surface, the more suddenly does it cut off the short waves. 

3. Increasing the angle of incidence was observed to effect a profound 
and curious change in the reflection curves of polished glass, quartz and 
Iceland spar, which may best be described as a quasi-resolution of the 
bands of metallic reflection. This is thought to be due to a change in 
polarization at the reflecting surface (7. e., a change probably from plane- 
polarized to elliptically-polarized light). 

4. A description is given of an infra-red spectrometer which is believed 
to possess better definition and greater resolving power than is usually 
furnished by instruments of similar type. 

In conclusion, the writer wishes to thank all those who have aided 
him in this investigation. He is under obligations to Professor J. S. 
Ames, for advice and criticism, and to Dr. J. A. Anderson, for the loan 
of gratings and mirrors. The mechanical excellence of the spectrometer 
is due to the skill of Mr. C. M. Childs, one of the mechanicians in this 
laboratory. To Dr. A. H. Pfund, who suggested and directed the work, 
the writer is very grateful for his ingenious suggestions, inspiring criti- 


cism, and constant encouragement. 
JoHNS HOPKINS UNIVERSITY, June, IQI5. 


1A. H. Pfund, Astrophysical Journal, XXIV., 1, 1906, p. 29. 
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THE DISTANCE BETWEEN TWO PARALLEL TRANSPARENT 
PLATES.! 


By C. Barus. 


1. Introductory.—The problem of finding the distance apart of two 
parallel glass disks, as well as their degree of parallelism, is frequently 
one of practical importance. Thus in my work on the repulsion of such 
disks, it would enter fundamentally and it has long been my intention to 
repeat that work with two half-silvered glass disks, for comparison of 
the case with metallic disks. It occurred to me since, that the method 
devised by my son, Mr. Maxwell Barus, and myself,? would probably 
be ideal for the purpose, both for very small distances (within .1 mm.) 
as well as for distances ten or even several hundred times larger. This 
method admits of the use of the film grating. There are three types of 
interferences of successive orders of fineness, the first virtually involving 
the colors of thin plates, resolved spectroscopically, the other two being 
dependent on diffraction. .To measure the thickness of the air space, it 
would be necessary to count the number of fringes between two definite 
Fraunhofer lines, only, supposing the constants of the grating to be given. 

2. Apparatus.—The apparatus has been designed for transmitted light, 
in preference, though the case of reflection is also available. 

MM, Fig. 1, is the base of a Fraunhofer micrometer, firmly attached 
below to a massive tripod (not shown). SS is its raised slide, and E the 
head of the micrometer screw, reading to 10-*cm. The open case A is 
screwed to the slide SS and contains the glass plate H half silvered on 
the right. H is attached to a plate on the plane-dot-slot principle, and 
may therefore be rotated around the vertical and horizontal axis by aid 
of a rearward spring mechanism (not shown) and the adjustment screws 
abb’ (the last not visible). The grating G, with a ruled face on the left, 
is similarly carried by the open rectangular case B, screwed down to the 
base M of the micrometer. Thus B is stationary, while A moves. 
Three adjustment screws cdd’ (not shown) and a spring pulling to the 
right, suffice to rotate G around the vertical and the horizontal axis. 
The thickness of the efficient air film is thus e and H and G may be 


1 Abridged from a forthcoming Report to the Carnegie Institution of Washington, D. C. 
2 Carnegie Publications, No. 149, Part I., Chap. II., III. Cf. Pays. Rev., XXXI., p. 
591-8, I9IO. 
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brought to touch, or to recede from each other several cms. L is the 
collimator (slit and lens) furnishing intense white sunlight (or arc light) 
and the beam, after traversing the system, is viewed by the telescope at 
T (direct beams, Fig. 1A) or at D (diffracted beams). 

The plate ZH is half silvered, but the grating G has been left clear. In 
this case, however, only the fine fringes are seen strongly, on transmission. 
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The others appear on reflection, at D’, preferably in the second order of 
spectra. Fine fringes are not well reflected, but the medium and coarse 
fringes are very strong and clear, and the first observations were made by 
means of them. 

Thereafter the ruled face of the grating was half silvered. This 
largely destroys the reflected field D’, except the fine fringes; but the 
transmitted field is now strong, particularly in the second order of 
spectra, for all the three sets of fringes in question. Mr. Ives’s direct 
vision prism grating shows the fine fringes well in the direct beam 7. 
The lines are always rigorously straight, so far as they can be observed, 
1. é., it is impossible to bring H and G quite in contact, not only because 
of deposits of dust, but since the grating (at least) is not optical plate. 
The fine fringes may always be found in the principal focal plane of a 
telescope, but the medium and coarse fringes usually lie in focal planes 
differing from each other. By placing the ocular, it is thus possible to 
eliminate any of the interferences or to show a single set in the field only. 

To find the fringes, the direct white slit images are made to coincide 
throughout their extent or the same may be done with a pair of spectrum 
lines in the superimposed spectra. The propereisthen to be sought. In 
case of imperfect plane parallel plates, it may be necessary to correct 
this by the adjustment screws on the mirror, until sharp strong fringes 
are seen in the corresponding focal plane. 

3. Equations.—The equations for the three useful interferences in 
question are in case of r < Om 


ny = 2eu Cos?, (1) 
NX = 2eu COS Om’, (2) 
nd = 2eu (cosr — COS Om’), (3) 
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and a similar group for r > 6,, where \ is the wave-length of the color 
used, ” the order of the interference, e the thickness of the sheet to be 
measured and yw index of refraction. If J is the angle of incidence the 
white light on the grating, r the angle of refraction in the plate (u) and 
6,/ the angle of diffraction of the mth order of spectrum therein. If the 
sheet is an air space, these equations become simplified since » = I and 
r is replaced by 7, 0m’ by 0m, the angle of diffraction in air. Thus, since 
positive values are in question, 


m\ = 2e€ Cos 1, (4) 
NX = 2€ COS Om, (5) 
nd = 2e(cosi — COS Om). (6) 


In the present apparatus I have made i = r = 0, a more convenient 
method of testing the method, though not necessary and in fact, often 
inconvenient in practice. The equations are then finally 


nd = 2¢, (7) 
NX = 2€ COS Om = ze Jr - (BY, (8) 
nd = 2e(I — COS Om) = 2e(1 mp -(")) (9) 


if D is the grating space, and the interference in question is due to the 
grating spectrum of the mth order. 

The meaning of the equations 7, 8, 9, is given in Fig. 2. The case of 
equation 7 may be seen in the direct white ray, Fig. 2a, provided the 


a b a d 
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Fig. 2. 
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light of the focused slit image is resolved by the direct vision spectroscope. 
For this purpose Mr. Ives’s grating with attached (direct vision) prism, 
may conveniently be placed in front of the telescope 7, Fig. 1, focused on 
the slit. After adjustment these fringes appear strong. Of course 
H and G must be parallel and all but touch. Under the same conditions 
these fringes may be seen laterally in any order of spectrum, as in Fig. 2, 
b. Fig. 2, c, illustrates equation 8 and Fig. 2, d, equation 9. 
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The first and second order of spectrum are alone intense enough to 
produce marked effects. In case of 1 = 0, a double diffraction of the 
first order (6’) reinforces a single diffraction of the second order 62, since 
6, (2d/D) 


d 
= i Pc i = i sai, = — = 
= (sin 6 sin 6) (sin 6 D sin > = 





D 
or 
2h 


a 
sin # = D° 
Probably for this reason they are visible. The general case equations 
4, 5, 6 is illustrated in Fig. 3 the rays J, J’, I’’ being incident, R reflected 
Ye DR and D diffracted. The retardations are ef and df, 
ISS respectively. If these diffractions differ by a whole 
\ NM number of wave-lengths, the total diffraction is 
ay ao fo obtained. One would be tempted to resolve the 
\ a 3 problem by aid of a wave from ab, in which case 
¥ the equation would be different; but they do not 
Ni reproduce the phenomena. 
Fig. 3. 4. Method.—Suppose now that two Fraunhofer 
lines \ and ’ of the spectrum are selected, as the 
rays between which interference fringes are to be counted. Then in 


case of equation 7 if m is the number of interference lines between \ 
and )’ 











ny = (n+ n’)N = 2¢e, (10) 
n'y’ 
= (A — NW)’ (11) 
n'dd’ , 
eal SS: ea (12) 


In order to measure e therefore, it is necessary to count the number of 
fringes n’ between \ and 2’ and e varies directly as n’. 

If the mean D and (magnesium) 0 lines be taken as limiting the range 
10° = 58.93 cm., 10°’ = 51.75 cm., Ci; = 1074 X 4.25 cm. 
and 


n= 1, 10°'e= £=.2cm. 
10, 2.1 
100, 21.2 


As it will not be convenient to count more than 100 lines ordinarily, the 
method is thus limited to air spaces below .2 mm. and becomes more 
available as this film is thinner. Of course in case of plates which 
contain specks of dust, or lint, or are not optically flat on their near 
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surfaces, it is extremely difficult to get e down below .002 cm., so that 
less than ten fringes between D and b would require very careful prepara- 
tion. 

If equation 8 is taken, } is to be increased to 


oN _ r 
—_ J m) \2 
1- (5). 


where m is the order of the grating spectrum whose rays interfere. 
Thus equations 11 and 12 now become, since nL = (n + n’)L’ = 2e, 


L= 





n'L 
-(—L)’ (13) 
/ La’ 
2e = 15 = Con’. (14) 


If first order of diffractions are in question, m = 1, 10°L = 59.11, 
10°L’ = 52.33, C2’ = 10~* X 4.20, scarcely differing from the preceding 
case, so that one would not know in which series one is working. 

If the diffractions occur in the second order, m = 2, Lz = 107* X 62.56, 
L,’ = 10-* X 54.15, C2’’ = 10-4 X 4.03, thus again differing but slightly 
from the above. 

If we inquire into the conditions of coincidence and opposition of these 
fringes, it follows easily, if C is the new constant, that 


GCs ” 
= (CQ oo C2) — 10 4 4.05. 


This would place the fringes beyond the coarse group below, but naturally 
C is enormously dependent on small errors in C; and Co. 
Finally, if equation 9 be taken, the d is to be increased to 


nN ee r 
Le 


in order that equations similar to the above may apply for 2e = n’M. 
Thus 





C 


M 


M MM" 
: = = Cur’. 


"= (M’ — M)’*? > (M’— M 


If the diffractions are of the first order of spectrum, m = 1 and 


10° M = 4.150; 10° M’ = 4.747, 


whence 


C3’ = .0330. 
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These are the coarse order of fringes, so that 


m= I, @€= .0165 cm. 
10 -165 
100 1.65 


Fringes are thus still strongly available even if the distance apart of the 
plates is over 2 cm. 

If the diffractions are of the second order of spectrum, m = 2, 
10° M = 1.06, 10° M’ = 1.165, C3’’ = 107% X 7.85. These fringes are 
therefore of intermediate size, since 


n= 1, 10e= 3.97 cm. 
10 39-75 
100 397-5 


They are enhanced since they cooperate with the double diffractions of 
the first order. 

5. Observations. Preliminary Work.—The following work was done 
merely with a view to testing the equations and with no attempt at 
accuracy. The grating was left unsilvered, so that the ruled face con- 
fronted the half silvered surface on ordinary plate glass. Consequently 
the fine fringes were observed by transmitted light behind, and the 
medium and coarse fringes by reflected light, in front. The micrometer 
was a good instrument for general purposes, but hardly equal to the 
present work, where the slightest rocking of the slide introduces annoy- 
ances. 

To the count the number of fringes between D and 8, since the fringes 
were not generally seen in the principal focal plane of the telescope, it 
was considered sufficient to rotate the cross hair into an oblique position, 
until its ends terminated in the D and 3 lines, respectively, and then to 
count the number of fringes on running the eye down the hair, from end 
to end. When there are many fringes, 25 to 50, the eye is apt to tire 
before reaching its destination, so that several counts must be made and 
the mean taken. 

The results are given as a whole in the chart, Fig. 4. In this, the 
distance between plates, measured in cms. on the micrometer, beginning 
at an approximate zero, is laid off horizontally and the number of fringes 
vertically, in case of each of the three series. The computed line 
e = Cn’/2 is drawn in full and the observations laid off with regard to it. 
The zeros do not quite correspond, as very small distances here are 
significant. With the fine fringes I did not spend much time. They 
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are virtually colors of thin plates seen by diffraction. The chief difficulty 
with these small distances is this that when the plates touch, a complete 
readjustment is necessary. After contact, the micrometer acts like a 
forcing screw and its reading is therefore too low. This is the meaning 
of the displaced data in the curves a and a’ (the latter with its horizontal 
scale magnified ten times). The object of this series is chiefly to locate 
the position of the line in relation to the other lines. 

The observations for medium and fine fringes were made together, so 
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that a single micrometer reading suffices. Beginning with very small 
distances apart (called zero), this was rapidly increased to nearly 1 cm. 
The fine fringes soon vanish; later the medium fringes follow; finally, 
when eé is several cm., the coarse fringes also vanish, the three together, 
therefore, covering with appropriate accuracy, a relatively enormous 
range for work of this kind. 

The. curves b and c show that the observations do not completely 
correspond to the computed loci. Mean lines drawn through the 
observations must in the first place indicate that the zeros disagree; for 
b and c, sufficiently to locate the common zero. This discrepancy is 
inevitable, since the micrometer begins to count at a small distance, 


0 “41 R &8 4 5 6 F 
Fig. 4. 


which is otherwise arbitrary. In fact it should be noticed as an accessory 
property of the present method of interferometry, that the two lines 
for finding the zeros determine the absolute reading of the micrometer, 
mutually and the latter readings are here .22 mm. too large. But even 
if the zeros were horizontally to coincide, the observations would not 
adequately reproduce the computed loci. All that can be affirmed is 
that the angle between the observed and computed lines is about the same. 
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The main reason for the divergence is referable to the fact that the 
air space is not quite plane parallel, but slightly wedge shaped, so that 
the effect of the angle of the wedge is superimposed on the inter- 
ferences. Any slight unsteadiness of the micrometer slide, for instance, 
would already introduce the wedge discrepancy, without necessarily 
interfering with the sharpness of visibility; while any attempt to readjust 
would destroy the continuity of measurement. There will also be 
further reasons for divergence, as for instance the three separate focal 
planes in which the fringes lie; the fact that the glass plates, which 
limit the air space, are themselves wedge-shaped. If the half silvered 
surface were optically plane parallel plate, then the adjustment for 
visibility of fringes would automatically correct for the wedge-shaped 
air space. Other, but fainter, fringes are marching through the 
spectrum, such cases of coincidence and opposition, for instance, as were 
pointed out above. However, the real cause of discrepancy is the 
assumption 7 = 0, which was probably not true. 

To give the subject further study, I have since half silvered the grating 
as specified, so that all the fringes may be seen by transmitted light and 
preferably in the second order, since there is an abundance of light 
available. The apparatus in such a case is in good shape and is con- 
venient for manipulation. But these details will have to be given at 
some other time and it is the chief purpose of this paper to exhibit the 
phenomenon as a whole. 

In conclusion I may recall, that if we regard one hundred fringes 
' between the D and 3 lines still available for counting under proper 
facilities, the successive ranges of measurements will be roughly as follows: 











é= .021 €= .392 e=1.65 cm. 
 ,  e n’ = 100 
Medium fringes........... 5.4 n’ = 100 
Conmee S08. .......0 2065s. ‘2 24 n’ = 100 


The transition from fine fringes to medium is a little abrupt. Otherwise, 
in cases where manual interference is not permissible, all thicknesses 
of air films from a fraction of a wave-length of light, to nearly 2 cm., 
may be adequately measured in this way, to advantage. It is probable 
moreover that it would be advisable to observe the fine fringes by trans- 
mitted light but to leave the grating (which may be a film grating) clear, 
and to observe the medium and coarse fringes by reflected light. A 
concave mirror and lens (reflecting telescope) should be used for this 
purpose, as it will put the observer behind the plates in all cases. 


BROWN UNIVERSITY, 
PROVIDENCE, R. I. 
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COMPARISON OF THE FALL OF A DROPLET IN A LIQUID 
AND IN A GAS. 


By O. W. SILVEY. 


INTRODUCTION. 


N his early work on the determination of the elementary electrical 
charge by the oil drop method, Professor Millikan! found that the 
values of the charge computed from droplets of different radii indicated 
a breakdown in Stokes’s? formula by which the radii were determined. 
Since this formula was deduced on the assumption of a continuous 
medium and no slipping at the surface, a breakdown in the law was to 
be expected when these conditions were not fulfilled, and various attempts 
have been made to modify the formula so as to make it apply to cases 
where slipping occurs and where the medium becomes discontinuous. 
Among the formule making such corrections are those of Basset,’ 
Cunningham,‘ and Hadamard.’ Basset treated the phenomenon as a 
case of slipping at the surface; Cunningham made use of the kinetic 
theory point of ,view and assumed that the medium becomes discon- 
tinuous when the ratio of the mean free path of the molecules of the 
medium to the radius of the drop becomes appreciable, and that the 
departure from the law is further modified by the fraction of the whole 
number of impacts which are elastic. Hadamard deduced a correction 
for the case of liquid drops moving in a fluid, assuming a vortex motion 
of the liquid within the drop due to its motion through the fluid. He 
wrote his correction in terms of the coefficient of viscosity of the liquid 
and that of the fluid through which it moves. 

To account for the apparent variation of the value e, Millikan wrote 
empirically the correction to Stokes’s law as a function of the ratio of 
the mean free path to the radius of the drop, which when higher powers 
of 1/a than the first are neglected, reduces to the approximate formula: 


Se +A I/a), 





v = 2/98 


! Millikan, Puys. REv., Vol. 32, 1911, p. 350. 

2G. G. Stokes, Mathematical and Physical Papers, III, p. 59. 

3’ Basset, Hydrodynamics, Vol. II., p. 270. 

4 Cunningham, Proc. of the Royal Soc. of London, Series A, Vol. 83, 1909-1910, p. 357. 
> Hadamard, Comp. Rendus, March, Ig1t. 
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where v is the velocity of fall, a the radius of the spherical droplet, o the 
density of the falling substance, p the density of the surrounding medium, 
u its viscosity, 1 the mean free path of the molecules of the medium, and 
A an empirical constant. 

Coincident with the determination of the absolute value of the ele- 
mentary charge, by plotting the apparent value of e?” as ordinates and 
1/a as abscissas, he obtained the value of the constant A from the slope 
of the curve, the intercept of which on the axis of ordinates gave the 
absolute value of e. The value of A given in the original paper for oil 
drops in air was .874, which in accordance with Maxwell’s analysis 
indicates that most, though not all, of the impacts are non-elastic. 
Assuming that the same value held for mercury, he computed the value 
of the charge on droplets of this metal which were found to be in good 
agreement with those computed from oil drops. Experiments with 
substances, other than oil and air, have given slightly different values. 
Lee! obtained for shellac drops in air, A = 1.067, while Millikan? ob- 
tained A = .820 for oil and very pure hydrogen. 

Recently an attempt was made by Roux’ to determine the constant 
A for mercury and sulphur drops by allowing them to fall in air, then in 
a liquid, and measuring their velocity in the two media. He assumed 
that Stokes’s law holds for the fall in the liquid and that from the ratio 
of the velocities the value of A could be determined. 

Roux’s method appears capable of yielding good results but since the 
correction in the formula depends upon a 5.1 per cent. increase in the 
velocity in air for the smallest drop used by him (time of fall in air, 5.2 
sec.), and this time of fall was measured by means of a stopwatch, which 
permitted an error of 0.2 second on both stop and start, he has attempted 
to measure a quantity which depends on 5.1 per cent. error in the time 
of fall by an instrument which permitted an error of 7.7 per cent. of the 
quantity measured. 

5 
GENERAL METHOD. 

It was, therefore, proposed to repeat the work of Roux under condi- 
tions which permitted a more accurate measurement. Instead of a 
stopwatch, the Hipp chronoscope, used by Millikan, was employed, by 
which time intervals could be measured to 1/1o0oth of a second. To aid 
in overcoming the personal error, an apparatus was so arranged that a 
charged droplet could be raised by an electrostatic field and allowed to 

1 Lee, Puys. REv., Vol. IV., Second Series, Nov., 1914, p. 420. 


2 Millikan, Barber and Ishida, Puys. REv., Vol. V., Second Series, 1915, p. 334. 
3 Roux, Annales de Chimie, Vol. 29, p. 69. ‘1913. 
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No. I. 


fall a number of times. About 40 falls usually were measured for each 
droplet. It was then allowed to fall into the liquid and its fall measured 
through as many one or two millimeter intervals as was possible. 
From these measurements and the necessary constants the value of the 
radius a, and of the constant A, were calculated. 


Choice of Liquid. 

No better liquid was available than xylol, the one used by Roux. In 
order that droplets of the size required enter the liquid it was necessary 
that the liquid have little or no surface film; in order that the ratio of 
the two velocities be small, the viscosity should be low; and in order 
that there be as little evaporation as possible the boiling point should 
be high. Xylol has the first two of these properties, but in spite of its 
high boiling point it is quite volatile. To prevent changes of viscosity 
and density due to evaporation, the xylol was distilled, the middle 
third being reserved for use. This had a boiling point of about 140° C. 
and measurements of density and viscosity made a month apart on liquid 
that had stood in the apparatus during that interval showed no appreci- 
able change. 

Measurement of Density and Viscosity. 

The density was measured by means of a pyknometer, and the viscosity 
by improved Ostwald viscosimeters, which had been used a number of 
years both here and at the Boston School of Technology. These! tubes 
were kindly loaned me by Professor Harkins, of the Kent Chemical 
Laboratory. Measurements were also made by a longer tube of the 
same kind which was made for the Ryerson laboratory. The measure- 
ments made by these three tubes (16.5, 21.5 and 25 cm. in length) 
agreed within 0.2 percent. For comparison, water was used, the absolute 
value of the viscosity being taken as the mean of the various values 
given in the tables. A linear relation was assumed between the values 
at 20.°o and 25.°o C. for water and between 23° and 25° for xylol when 
determining the viscosity within these ranges. The values obtained for 
density and viscosity are 


23°.00, 25°.00, 
i a re eee eee .8487 
IED oiite hess A ees w.+es- 06226 .006107 


For the viscosity of air at 23° the value, .0001824, was used. 


Deduction of the Value of A. 


To deduce the formula used in solving for A, the corrected Stokes’s 
equation was written for the velocity in air 


1 A description of a similar type of tube is given by Washburn, Journal American Chemical 
Society, p. 737, 1913. 
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v7, = 2/9 ga’ earl (1 + A l/a) (1) 


and the ordinary equation for the fall in the liquid, 


v2 = 2/9 ga’ a (2) 


where the subscripts 1 and 2 refer to the constants of the air and the 
liquid respectively. 
Dividing (1) by (2) we get 





= -_ / 
v1 uy + a 


V2 co — po 





U2 
Whence 
Am eee I |¢ 
Ve U2 (eo — pi) l 
If now, v be replaced by 1/T and 1;/us(o — pe)/(o — pi) by a, where 
T is the time required for the droplet to fall unit distance and a a con- 
stant for the particular temperature of the medium at the time of fall, 


we obtain 
T2 a 
A= 7 ~= | ] 
The radius a was obtained by solving equation (2). For this we get 
_,/9 galt 
onto ONE. 
where ee 
QML 
2 g(o — pr) “ 
and 
i «— 


The Apparatus. 

The apparatus used (Fig. 1) consisted of a pair of condenser plates 
PP,, of the Millikan type each 22 cm. in diameter. At the center of 
the upper plate were three holes about 0.7 mm. in diameter through 
which droplets of mercury might fall. Over the center of the plate 
was a sheet-iron disc D, which by means of a lever could be moved aside 
to allow the falling droplets to reach the holes. At one edge a small cup 
filled with mercury provided an electrical contact with the wire leading 
through the ebonite plug E. The lower plate, shown in horizontal 
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section in Fig. 14 was made of sheet iron about 0.36 mm. thick. It 
was fastened by means of screws to a short wooden cylinder of the same 
diameter and about 5 cm. deep. On it rested three glass posts, 7, T, T, 
15.875 mm. high, all cut from the same piece of plate glass. These 
supported the upper plate. In the center of this thin plate was cut a 
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circular hole 6.4 mm. in diameter and to the lower side was cemented a 
rectangular glass vessel V, the inner dimensions of which were 4.9 X 
4.9 X 2.1 cm. The wooden cylinder was cut away at the center to 
receive the vessel V, and was furrowed along the diameter L;l,. O, as 
shown by the dotted lines to allow light to reach the vessel. A second 
furrow along the radius CO, allowed the illuminated vessel to be seen. 
The vessel, except on the upper side was, therefore, almost completely 
surrounded by wood. A brass cylindrical post screwed into the center 
of the lower side of the wooden cylinder supported the whole condenser 
firmly with its axis coincident with that of an enclosing cylindrical sheet 
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iron tank, 30.5 cm. in diameter and 30.5 cm. high, which in turn was 
enclosed in a larger tank of the same material, 45.7 cm. in diameter and 
67.5 cm. high. The two tanks were held rigidly in their relative position 
by the central brass post, which supported the condenser and by four 
pieces of telescope tubing. One of these, 2.5 cm. in diameter, held the 
insulating ebonite plug E, the other three were 7 cm. in diameter. Two 
of these in the position WW allowed light to pass through the vessel 
V and between the condenser plates, the other at right angles to the line 
WW, permitted the observer to see the vessel. Each of the 7 cm. tubes 
contained a glass window. The lower plate of the condenser was elec- 
trically connected to the inner tank and therefore, to earth by grounding 
the outer one. Both tanks were provided with wooden covers and to 
prevent rapid changes of temperature the outer was covered on top and 
sides with asbestos about 6 mm. thick. The space between was filled 
with oil. 

In his original work on mercury drops, Millikan had formed his 
drops both by atomizing liquid mercury and by condensing the vapor 
rising from boiling mercury. Roux had used the latter method and it 
was followed here. The droplets were formed by blowing a sudden 
strong pulse of air through the iron vessel, F, which contained a small 
amount of boiling mercury. To prevent, as much as possible, the heat 
from the bunsen burner and the boiler F reaching the condenser, they 
were placed about 50 cm. above the top of the outer tank. The mercury 
vapor carried by the air blast condensed into droplets after leaving the 
boiler and fell freely to the condenser when the slide covering the inner 
tank and the one covering the holes in the condenser were held aside. 
A conical sheet iron shield supported by the cover of the outer tank 
prevented the mercury from being blown over the room. 

The system was illuminated by a right-angle arc lamp, A, the crater of 
which was focused by lens L in the position of the window W, and was 
further focused by cylindrical lenses Z; and Le into a vertical band of 
about 8 mm. wide and 3.5 cm. long at the axis of the condenser. Lens Ly 
was of short focal length and it was necessary to place it between the 
condenser plates. Lens ZL; was of longer focal length and was placed 
just outside the wooden cylinder. To eliminate non-luminous radiation, 
the light was filtered through a 52.5 cm. column of water 7 and through 
K, a 12 per cent. solution of cupric chloride in alcohol 1 cm. thick. This 
has been shown by work at the Ryerson Laboratory more efficient 
than a solution of cupric chloride in water. It allows practically no 
radiation except that of the visible spectrum beyond the yellow to 
reach the condenser. 
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The upper plate was electrically connected to a series of storage 
cells B by closing switch S, and the two plates were short circuited and 
earthed by the opposite throw of the switch. The potential of the plate 
could be varied by using a greater or less number of cells, the maximum 
potential being about 4,000 volts. 

To prevent air currents, due to irregularities in the density of the air 
in the tank, the condenser was surrounded by a transparent celluloid 
screen in which windows were cut at positions L;Ze and at C (Fig. 1A). 
Lenses L; and L2 closed the window at this position. 

The droplets which fell through the holes in the upper condenser plate 
were viewed in the direction CO through a short-focus telescope of con- 
stant length which had an objective 2.5 cm. in diameter and a magnifying 
power of about 23. A carefully ruled scale in the eyepiece provided a 
means of measuring in millimeters the distance traversed by the drop- 
lets. The telescope could be raised by rack and pinion so as to view the 
droplet in the air, then lowered to see it in the liquid which except for 
the curved meniscus at O completely filled the vessel V. To insure find- 
ing the droplet in the liquid a piece of optical glass C was placed between 
the condenser plates which served the double purpose of closing the 
window in the surrounding shield and of compensating for the change of 
optical path when the droplet entered the liquid. The thickness of 
xylol for which the glass C would compensate was determined by experi- 
ment before cementing V to the condenser plate. 


Manipulation. 


With the condenser plates earthed, slide D open, and D, closed, a 
cloud of droplets was blown. Slide D; was now opened, allowing them 
to fall through the small holes of the condenser, switch S was then 
closed and the droplets of the correct sign were drawn up by the electric 
field. One of these was chosen for observation, slide D; again closed to 
prevent any more entering the condenser, then by letting the chosen 
droplet rise and fall a number of times, all others were cleared from the 
field. This droplet was now drawn to the upper part of the field and 
allowed to fall under gravity through one centimeter distance, the time 
of fall being measured each time by the chronoscope. This was repeated 
a number of times, usually about 40. During this time all other droplets 
which had entered the liquid fell to the bottom. The droplet was now 
allowed to fall into the liquid, the telescope was quickly lowered and the 
droplet was seen to come through the meniscus and slowly fall. The 
telescope was now shifted until the droplet was accurately in focus and 
the time of fall measured through as many millimeter or two millimeter 
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distances as was possible. The average of these millimeter readings 
multiplied by ten was taken as the time of fall of 1 cm. in the liquid. 
Irregularities in the speed at various parts of the path made it necessary 
to record the time of fall of separate millimeter distances rather than 
over the whole course. 

The electrical field was not uniform at the center because of the central 
hole in the lower plate. This non-uniform field proved an advantage 
over a more uniform one obtained by means of a wire gauze employed 
in preliminary experiments, because, if the droplet was not originally 
well over the hole, it rose following along the lines of force but fell 
vertically. Therefore, after a few journeys it was well over the hole 
and within the band of concentrated light. Its chance of falling into 
the liquid instead of striking the plate was thereby assured. 


Sources of Error. 


Simple as the experimental arrangement seems, some difficulties were 
met in carrying out the measurements. These were of two types, one 
the faint illumination of the isolated droplet in the liquid, and the other 
the convection currents in both the air and 
the liquid. The first was met by using the 








Alyal . cylindrical lenses previously discussed and 
a es in ade i ° : 
a ANS | by eliminating all possible reflecting sur- 
ial _ | facesof glass. This was the reason for clos- 


ing the windows in the shield by the lenses 
and optical glass C. The part of the win- 
FIG.2 dow at C below the lower condenser plate 
was left open. A further reason for elimi- 
nating these glass surfaces was that the xylol sometimes condensed on 
them, producing a hazy, or double image of the droplet. 

The most difficult problem was the elimination of convection. It was 
found that nearly all irregularities in readings were finally traced to this 
cause and that a very weak convection current in either air or liquid 
caused an enormous error in the measurements. After all convection 
due to any mechanical disturbance had died away, which usually was 
within an hour, a set of currents gradually increasing in strength, shown 
by AA and BB, Fig. 2, appeared. These were due to the evaporation 
and consequent cooling of the xylol at the hole O. The mercury droplet, 
having a comparatively large inertia gave no information regarding 
these currents except that in air it appeared to fall with different speeds 
in the upper and in the lower part of the path. In the liquid if streams 
of particles were allowed to fall from all three holes, during the first 
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five millimeters, the three streams, which were originally about 2 mm. 
apart, were drawn very nearly together, the droplets moving very rapidly. 
After falling this distance, the three streams again separated, fell 
vertically, and more slowly for a few millimeters, to be again slightly 
accelerated at the bottom of the vessel. The cause of this behavior 
was discovered by introducing dust particles which were sufficiently 
light to take on the motion of the medium. The complete path of the 
lighter particles was then seen to be as shown by BB in Fig. 2. 

The acceleration at the bottom of the vessel which for a long time was 
thought to be only apparent and due to a defect in the optical system 
was caused by a weaker convection current which probably took the 
course indicated by C, Fig. 2. This drift was not discovered until A 
and B were eliminated and then only by the introduction of lighter 
particles. The particles introduced were obtained by leaving the holes 
in the upper plate uncovered when the cloud of droplets was blown. 
The shower of droplets which fell under these conditions was sometimes 
preceded by a cloud of slowly falling particles, especially if the mercury 
in F had been boiled very vigorously for about a minute before blowing. 
Some of these were found: later to be extremely small mercury droplets, 
too small to be seen in the liquid, others were probably compounds of 
mercury, and others, no doubt, were dust particles of the air. When 
one of these particles entered the liquid, it was seen to drift out of the 
field of view in the direction of the light propagation at the top of the 
vessel. A six-second! mercury droplet drifted sometimes as much as 
two millimeters in the direction of the light during the first four or five 
millimeters of fall in the liquid, then fell vertically with a uniform 
velocity through from 5 to 10 millimeters, then drifted in the opposite 
direction with an accelerated speed during the last few millimeters of 
fall. The path of the droplet was as shown by D, Fig. 2. Mercury 
droplets less than four seconds showed the change of speed but no 
appreciable drift. 

Since this type of convection current was found to increase with time 
of observation, and was in the direction of the light at the top and 
oppositely directed at the bottom of the vessel, it was probably due to 
a very slight heating of the liquid on the side of the incident light. The 
fact that no convection appeared at the center was probably due to the 
particular size of vessel used. 

When taking observations it was necessary to know to what extent 


1 It is convenient to refer to the size of the droplets in terms of the time required for them 
to fall one centimeter in air. Hence a six-second droplet is one that falls one centimeter in 
six seconds. The smallest droplet upon which measurements were made was a 6.19 second 
drop, and the largest was a 1.41 second drop. 
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these convection currents existed. The presence of continually visible, 
slowly falling particles was undesirable and was avoided as much as 
possible, but it was learned early in the investigation that a few minute, 
irregular particles were always present in xylol. These were invisible 
except when a reflecting side was turned to the light, but, due to Brownian 
movements, they would be turned to show scintillation for a second or 
two, which would fade away to sparkle again in approximately the same 
place a few seconds later if the liquid was perfectly at rest. This test 
for convection was used through all the latter part of the work, and the 
fact that the convection was not observed at the top and bottom was, 
as stated above, because the change of speed at this position was thought 
to be apparent and due to an optical defect, and only the middle half 
of the liquid was tested for convection. After it was proven that the 
change of speed was real and that no optical defect existed, a careful 
study of the scintillations plainly showed the drift. 

Since the illumination could not be further decreased without diminish- 
ing the brightness of the droplet, no attempt was made to eliminate the 
convection of type C further than to keep the light screened from the 
liquid except during the time of observation of the droplet in it. With 
this precaution observations could be taken on five to eight droplets 
before it became too troublesome. In the computation, only the mini- 
mum speed was used, for it was with this minimum speed that the droplet 
was falling through this middle portion of the field where the liquid was 
at rest and Stokes’s law was applicable. 

The convection currents AA, BB, were eliminated by partially 
saturating the air in the tank with xylol vapor. The space could not be 
completely saturated because the xylol then condensed on the glass 
surfaces, thus producing a blurred image of the droplet and also con- 
densed on the droplet itself, thus decreasing its speed in the air. To 
produce this saturation, the inner tank was lined at top and sides with 
cotton which was held in place by iron wire gauze. This cotton was 
saturated with xylol and about 200 c.c. of xylol was kept at the bottom 
of the tank. The tank was left closed for at least twelve hours before 
observations were taken, then if all other conditions were favorable, no 
evaporation took place at O, and no convection currents were present. 
Before beginning observations the tanks were uncovered and the satur- 
ated air removed by an electric fan. The cover of the inner tank was as 
a rule not replaced during observation and since the cover to the outer 
one was not tight-fitting, the air in the tank was not completely saturated. 
Under these conditions, a small droplet sometimes showed a gradual 
increase in time of fall, and in time of rise under the electric field, showing 
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that they were slowly collecting liquid. In the computation, only the 
average of the first ten falls was used for droplets showing this con- 
densation. 

Mercury droplets as a rule evaporate in dry air, the evaporation being 
plainly shown by their gradual increase in time of fall and their gradual 
decrease in time of rise under the field. This has been observed here by 
all who have attempted to work with mercury droplets and has been 
observed and well described by A. Schidlof and A. Karpowicz.!. How- 
ever, with our experimental arrangement, not all droplets showed this 
evaporation, and it was found to decrease with time and finally cease. 
In the presence of xylol vapor even far below saturation, this evaporation 
did not occur or was so slight that it was not detected. 

Besides the convection currents just described, even a small change 
of room temperature, extending over a period of as much as three hours, 
produced unequal heating in the liquid, thus setting up convection, which 
did not die away until the room temperature had been held constant 
several hours. Therefore, for the latter part of the work, a thermostat 
and an electrical-heating apparatus was set up, by which the temperature 
of the room was maintained constant within 0.°4 C. except during the 
time of observation. A Beckmann thermometer placed in the oil 
between the tanks showed no greater change than o.°o1 C. in the 
temperature when the arc was not in use. 

During an observation period, the extra heating of the room due to 
the arc, and the blasts of hot air used in blowing the droplets into the 
chamber gradually caused convection currents which first began to 
be detectable after two or three hours of observing. Care was taken 
that the observations recorded below are free from error due to this source. 

A further troublesome feature was a film forming on the surface of 
the xylol when it stood undisturbed for a few hours. As a result of this, 
the droplets which fell into it at the beginning of a period gave no agree- 
ment among themselves for the value of the constant A. It seemed that 
the film retained the smaller particles, and a droplet with sufficient 
weight to break the film carried with it part of the film together with 
the neighboring small particles. Very frequently a droplet would carry 
a sufficient amount with it to glow brighter in the liquid than in the air. 
To eliminate this difficulty, at the beginning of each period, the surface 
film was, therefore, destroyed by allowing several showers of large 
particles to fall through it. 

It has already been stated that not all the particles which fell were 


1 Schidlof and A. Karpowicz, Phys. Zeitschrift, 15, No. 4, Feb., 1915, p. 42. Also Comp. 
Rend. 158, p. 1992, 1914. 
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pure mercury. In the choice of a droplet, one was not always able to 
select pure mercury. The dust particles could be easily avoided because 
they either fell much more slowly, or were very much larger and brighter. 
Sometimes the droplet selected seemed to be a small dust particle upon 
which mercury had condensed. These on entering the liquid fell with a 
greater or less speed than if they had been pure mercury, depending 
upon whether they lost or retained the dust particle at the surface. 
A few of this type which were selected showed clearly a difference in 
brightness on rising with the field, from that shown when falling. After 
carrying out observations on the first one of these, any others which 
showed this effect were dropped as undesirable. 


Observations. 


A set of observations on a single drop are as follows: 





— 14. Temperature: 25°.18. 

Time of _. Sec. | Time of =. Sec. Time of Fall, Sec. Time of Fall, Sec. 
perc m. per C m. per Cm. per Cm. 
2.940 | 2.995 2.861 2.865 
2.953 2.901 2.919 2.853 
2.977 | 2.899 2.919 2.924 
2.909 | 2.928 2.897 2.865 
2.897 | 2.879 2.880 | 2.845 
2.927 2.884 2.821 2.872 
2.978 2.881 | 2.922 2.898 

_ 2.920 2.886 2.855 2.851 
2.839 2.912 2.916 | 2.890 
2.864 2.902 | 2.910 | 2.911 

| 2.881 
Fall in Liquid. 
Time of Fall, Sec. per Cm. 
Distance. | 
2 mm. | 21699 | 108.49 
2 mm. | 21639 108.19 
1.8 mm. 19442 108.01 
2 mm. 19960 | 
2 mm. 20060 
Average time of fall in air, 1 cm. = 2.851 sec. 
Average time of fall in liquid, 1 cm. = 108.23 sec. 
a = .000143. 
A = 1.050. 


Since the chronoscope ran only seventy seconds without rewinding, 
no readings were taken, in general, until the droplet had fallen five 
millimeters in the liquid. In this case, three readings were taken before 
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it ran down. This corresponded to a fall of 7 mm. Time required to 
rewind allowed the droplet to fall into a liquid which accelerated its speed. - 
Observations on a smaller drop are as follows: 


April 21. Temperature: 25°.00. 
Time of Fall in Air. Sec. Per Cm. | Fall in Liquid, One and 2 Mm. 
| istances. 
6.119 6.268 23.976 
6.144 6.246 23.702 
6.106 6.254 48,981 
6.083 6.206 46.495 
6.105 _| 6.284 —— ___ 21.563 
ee eee eee 6.181 





Average time of fall, 1 cm. in air = 6.181. 
Average time of fall, 1 cm. in xylol = 241.6 sec. 
a = .0000956. 

A = 1.039, 


In all, forty-three readings were taken on this droplet in air but the 
constant increase in time of rise under the field and fall under gravity 
showed clearly that xylol was condensing on it. It was so small that it 
drifted where the liquid was not at rest. It fell vertically while the first 
three readings were taken, which corresponded to about 5 mm. During 
the fourth reading it drifted about I mm. Therefore, only the first ten 
readings in air and the first three in the liquid were used in computation. 


| Average . | } 
Date of No.of §Temper- time of wr Fall in| Tt | 
Observation. — ature. er Air Xylol, Sec. Ta a X tot | 4 

, Sec.’ | Per Cm. \ 
1 Jan. 29 44 22.82 | 1.421 54.78 | 38.5 2.036 | 1.07 
Zz Jan. 27 43 22.82 1.443 55.40 | 38.38 2.025 | .95 
3 Jan. 27 39 22.82 1.532 59.06 38.50 1.961 | 1.01 
4 | ‘Jan. 29 43 22.82 1.642 62.88 | 38.8 1.900 .84 
5 | Jan. 29 | 42 22.82 1.721 66.32 38.5 | 1.850 | 95 
6 | Jan. 29 | 42 22.82 1.782 | 68.00 38.2 1.828 .74 
7 | jen. Zi} 43 22.82 1.792 | 68.52 | 38.3 1.821 | .78 
8; Jan. 29 | 42 22.82 1.862 72.38 | 38.8 1.772 | 1.07 
9 | Jan. 27 42 22.82 2.041 79.14 38.8 1.693 | 1.02 
10 | Jan. 27 | 39 22.82 2.308 89.55 38.8 1.589 | .93 
11 | Feb. 27 | 43 22.82 | 2.439 94.57 39.2 1.549 | 95 
12 Jan. 27 | 43 22.82 2.548 100.7 | 39.5 1.502 | 1.11 
13 | Feb. 27 | 41 | 22.82 4.020 159.39 | 39.7 1.194 | .96 
14 | Mar. 6 | 43 22.82 | 4.435 175.83 39.7 1.138 | .92 
95 


For this temperature a = .027219. 
and 8 = .0015072. 
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Before installing the heating system, regulated by the thermostat, an 
attempt was made to maintain the temperature constant at 23.°o 
(calibration of the thermometer showed this to be 22.°82), and on some 
days conditions were sufficiently good to take observations. The tem- 
perature was not accurately known. It was measured by a thermometer 
placed beside the condenser and read through the window W;. The 
temperature recorded was probably as much as 0.°2 C. in error in some 
cases. A summary of the readings taken under these conditions is as 


follows: 
In the early spring the increase of the outside temperature and the 


fact that work was being carried on in an adjoining room at higher 
temperature than 23.°00 made it necessary to work at a higher tempera- 
ture if the room remained constant. The remainder of the work was, 
therefore, done at 25.°00. 

The following observations were made: 








| Average Max. Time 
Date of No.of | Temper- |. Time of of Fallin 71 
Observation. | Falls in ature, |Fall,r1Cm. xyjolSec. 7 a X tot dl 
} Air. | | in Air, PerCm. | 
poe ——- a2 

15 Apr. 14 | 43 25.2 1.668 62.49 37.4 | 1.878 1.13 
16 Apr. 17 | 20 25.2 1.707 63.59 | 37.4 | 1.740 95 
17 | Apr. 16 | 43 25.3 | 1.987 74.40 | 37.4 | 1.720 | 1.05 
18 Apr. 19 | 43 25.0 | 2.059 77.52 | 37.7 | 1.692 1.06 
19 Apr. 21 | 42 25.0 | 2.114 79.69 37.8 | 1.665 1.07 
20 Apr. 21 43 25.0 2.145 80.69 37.7 | 1.732 1.03 
21 Mar. 23 | 43 25.3 | 2.257 84.95 37.7 1.610 1.08 
22 Apr. 16 | 43 25.3 | 2.866 | 108.56 38.0 | 1.424 | 1.06 
23 Apr. 14 | 42 25.2 | 2.849 | 108.23 38.0 | 1.427 | 1.05 
24 Apr. 21 | 43 25.0 2.924 110.94 37.8 | 1.415 1.01 
25 | Apr. 19 | 43 | 25.0 3.074 116.33 | 38.0 1.377 | .98 
26 Mar. 22 | 43 25.2 3.754 143.30 | 38.2 | 1.241 99 
27 Apr. 14 | 42 | wae 4.852 185.00 38.2 1.091 | .86 
28 Apr. 14 | 43 Lou 5.189 ._ 200.59 38.75 | 1.048 1.00 
29 | Apr. 21 | 10 | 25.0 5.343 208.44 38.75 | 1.029 1.06 
30 Apr. 21 | 10 | 25.0 6.182 241.64 39.10 | 0.9563 1.04 
31 Apr. 3 40 | 25.0 | 6.190 244.00 39.5 0.952 1.08 

1.03 





Discussion of Results. 


The temperatures recorded here were taken by placing the bulb of a 
thermometer in the vessel of xylol after completing the observations 
on the last droplet of the period. Where heating occurred during the 
period, the use in the formula of the coefficient of viscosity at the final 
temperature would make the computed value of A for early droplets of 
the period a little too high. Further, since only the maximum values 
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of the time of fall in the liquid were used in the computation, the value 
of A can not be greater than the average of the results given, if the simple 
Stokes’s formula holds for the fall in the liquid. 

Comparison of the chronoscope with a standard laboratory clock 
showed it to have an error of 0.4 per cent. when the period was long 
enough that the personal error could be neglected. With the short 
periods used here, the personal error was the greater. Comparisons 
with the clock on different days showed this to be sometimes in one 
direction, sometimes in the other, the greatest error being 1.4 per cent. 
onaone-second interval. An error of 1.4 per cent. in the fall of the largest 
drop of the second series, 1.668 sec., would produce 28 per cent. in the 
computed value of A. For intervals greater than 4 seconds, the maxi- 
mum error was 0.7 per cent., which would produce an error of at least 
6 per cent. on the smallest drop of the second series. 

The application of the correction of Hadamard to the fall in the liquid 
yields a value of A about 140 per cent. too high. With this correction, 
the modified Stokes’s formula for the velocity in the liquid becomes 
c= 2 ui + uw 

, 


Us u + 2102 





Ve = 2/9 ga? 


where uz! is the viscosity of mercury. 
The viscosity of mercury given in the tables for 25° is .0124; that of 
xylol at 25° is .00628. Then the correction becomes 


0124 + .00628 _ 
0124 + .00419 — 





1.125. 


The equation for the radius of the drop becomes 





1.125 I 
ene r= 1.06068 4) 7: 


and that for A becomes 


To a 
A= | 1.12507? - I + 
Solving for a and A in these modified formule, we get for the 6.19 
second drop 





I 


a@ = 1.00979 X 10* instead of 0.952 X 10+. 


and 


A 


It was pointed out by Nordlund! that the Hadamard correction did 
not apply for mercury droplets in water, and the above data indicates 


2.635 instead of 1.0808. 


that it does not apply to mercury droplets in xylol. 


1 Nordlund, Zeitschrift fiir Physikalische Chemie, 87, 1914, page 40, also Science abstracts, 
180, Vol. 17, 1914. 
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DETERMINATION OF A FROM THE APPARENT VALUE OF THE ELEMENTARY 
CHARGE. 


The lower plate and wooden cylinder were now replaced by an iron 
condenser plate of the same diameter and an attempt was made to 
determine roughly the value of A from the apparent value of the ele- 
mentary charge. With the installation of an X-ray outfit, the apparatus 
thus altered became the same as that originally used by Millikan for 
measuring eé. 

With the apparatus two experimental conditions rendered an accurate 
measurement impossible. (1) The evaporation of the droplet made 
the work progress very slowly and produced great uncertainty when it 
did not entirely cease. Occasionally a droplet could be selected which 
did not evaporate, whose elementary charge determination showed that 
it was mercury. As a rule, however, the more slowly falling particles 
indicating no evaporation, gave values for the ultimate charge much 
lower than if they had been pure mercury droplets with the same speed 
under gravity, although the change in charge was an exact multiple of 
the charge originally on the droplet. These were regarded as impure 
mercury particles, or dust particles. It was found better to select a 
droplet which showed evaporation and retain it until the evaporation 
either ceased, or took place very slowly. In general it was necessary to 
hold a droplet about am hour before any readings could be taken, and in 
many cases it faded from view before the evaporation ceased. Why it 
should cease in any case was not learned. When the plates were coated 
with oil to catch dust particles it seemed to cease more quickly, although 
the vapor pressure of the oil used was very low. If the pressure of the 
oil vapor caused the evaporation to cease it must have been due to a 
change of surface of the droplet, and we should expect the value of A 
to agree with the value for oil drops. (2) A second source of error in 
the measurement was the piling up of the mercury on the lower plate. 
Unlike the oil which spread over the surface, the mercury accumulated 
in small globules which rendered the electrical field non-uniform. 

The first fall of this droplet was in twenty seconds. It was held 
until the evaporation ceased, before the above readings were taken. 
The time required to obtain the above data was fifty minutes. 

The values found for e;5 and 1/a are plotted as ordinates and abscissz 
respectively, in order to obtain the value of A. 

The curve was drawn to give the greatest weight to the droplets 
whose fall under gravity was greater than 20 seconds per centimeter, 
because measurements on droplets of this size were more reliable. The 
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No. I. 


The following are the observations on one of the smaller droplets: 


Drop No. 13. 
, i x » Pie fe » tities 
‘0 * | 7 " lela) | = (7 +7) 
55.6 43.8 1 | 04083 
56.6 43.0 | 02304 
55.8 9.635 | 
56.8 9.640 | 2 | 04083 | 3 .04075 
35.8 9443f | “104460 | 7 | 
56.2 9.572 | 
56.2 42.4 \ | 2 .04046 
56.4 42.6 | a | | 1 04131 
15.464 | — 1 | .04084 
15.487 \ 06437 | | 2 .04108 
15.651 1 | .04078 
42.4 02359 1 04137 
56.4 9.427 | 2 04078 
9.594 10514 3 .04098 
43.0 | 2 .04097 
43.2 } 02320 } 1 04099 
15.674 1 04047 
15.423 .06377 | 2 04073 
15.994 | 4 .04008 | 
56.4; 424 02359 LL | 1 04137 
56.22 | 040684 | 041023 
Vi = 3410. Vy = 3385. 
t = 24.8 C. a = .00003001. 
I 
= = 3205) 
a 


é: = 6.585 X 10°", 
e,3 = 75.69 X 107%. 
Observations and. computed values on other droplets are recorded in 
the following table: 








Drop. Tg. | aX 105 | e, X 1010 1/a X 10° e;2/3 « 108 
1 8.066 | 8.469 5.143 11.36 64.19 
2 | 8.327 8.463 4.967 11.23 63.74 
3 | 11.054 | 7.175 5.350 13.24 66.11 
4 | 13.668 6.447 5.345 14.72 65.86 
5 19.340 | 5.332 5.572 17.82 67.72 
6 | 23.261 4.812 5.762 19.74 69.24 
7 | 25.910 4.536 | 5.906 20.95 70.39 
8 | 26.437 4.533 5.720 20.96 68.91 
9 27.970 4.442 | 5.979 21.88 70.97 

10 36.150 3.761 6.305 25.26 73.53 
11 40.140 3.575 6.228 26.57 73.49 
12 45.000 3.399 6.266 27.95 73.22 
13 56.22 3.001 6.585 32.03 75.69 


6.645 
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slope of this curve gives .886 for the value of A.! The low value of the 
intercept (59.3 instead of 61.05) shows the imperfection of the apparatus. 





Fig. 3. 


SUMMARY. 


I. By a direct measurement of the velocity of fall of a droplet of 
mercury in air and in xylol, and assuming that Stokes’s law is applicable 
to the motion in a liquid, the value 1.03 was found for the empirical 
constant A of the modified formula for the fall in air. 

II. These measurements show that the Hadamard correction does 
not hold for mercury droplets in xylol. 

III. A rough measurement of A from the apparent value of the ele- 
mentary electrical charge on mercury droplets gave a value in the 
neighborhood of that obtained by use of oil drops. 


1 Strictly Millikan’s value of the intercept should be used in the calculation of A. If 
his value, 61.05, is used the value of A is found to be .824. This low value of the slope of 
the curve is in accordance with the assumption that oil vapor condensed on the droplets 
for a film on a smaller droplet would have a greater effect than one on a large droplet thus 
decreasing the slope of the curve. 
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THE FALL OF MERCURY DROPLETS IN A VISCOUS MEDIUM. 
By O. W. SILVEY. 


INTRODUCTION. 


[* a recent comparison! of the fall of a mercury droplet in air and in 

xylol, it was found that if the simple Stokes’s? equation were assumed 
to hold for the fall in the liquid a correction of the formula could be 
obtained for the fall in air, which was in fairly good agreement with the 
value found by Professor Millikan* by another method. Brownian 
movement measurements by Nordlund‘ on mercury particles, and a 
consequent determination of the Avagadro constant which agreed well 
with the value given by Professor Millikan showed that the simple 
‘Stokes’s law was applicable to these minute particles. Nordlund® to 
verify his results, carried out an investigation of the fall of mercury 
drops in a mixture of glycerin and water and in 105 experiments found 
a variation from Stokes’s law of only .076 per cent. 

Although the study of the fall of solid spheres both in air and in 
liquids has been very carefully studied experimentally by Allen,® Laden- 
burg,’ Zeleny,? Arnold® and others, the fall of liquid spheres has been 
neglected presumably because of difficulty met in measuring the radius 
of the drop. 

Stokes” in his Memoirs discusses the case of liquid spheres falling in 
a gas and concludes that although the relative motion of the particles 
within the globule should be taken into account, if the globule is assumed 
to be preserved in a strictly spherical shape by capillary attraction, the 
motion will be the same as that of a solid sphere in the same medium. 

1 Loc. cit. 

2 Stokes, Mathematical and Physical Papers, Vol. III., p. 35-61. 

3 Millikan, Puys. ReEv., 4, Apr., 1911, p. 349; also 2, Aug., 1913, p. 109. 

4 Nordlund, Zeitschrift fur Physikalische Chemie, 87, 1914, p. 40. 

5 Nordlund, Ark. fiir Mat. Astron. Och. Fysik, Stockholm, 9, No. 13, p. 1-18, 1913. 
Science Abstracts, 180, Vol. 17, 1914. 

6 Allen, Phil. Mag., 1900, p. 323. 

7 Ladenburg, Ann. der Physik, 32, p. 287 (1907) and 33, p. 447, 1907. 

8 Zeleny and McKeehan, Puys. ReEv., Vol. XXX., 5, May, 1910, p. 535. 


® Arnold, Phil. Mag., 22, 6, p. 755. 
10 Stokes, Mathematical and Physical Papers, Vol. III., p. 55-61. 
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The first work on the fall of liquid spheres was that of O. Jones,! who 
attempted to make use of mercury globules to determine the viscosity 
of viscous liquids. He determined the radius of his drops by weighing 
a rather large drop, then dividing it into smaller parts, and assumed 
that the droplets thereby produced were aliquot parts of the whole. 
His verification of the Stokes’s formula was no better than one should 
expect from such a method of measurement. 

Arnold? made a few measurements of the motion of alcohol globules in 
olive oil, and because of continual dragging away of the drop obtained 
too large a value for the viscosity of the oil. He recorded no results on 
mercury droplets because of uncertainty in the measurement of the radii. 
Arnold’s chief interest was not in the liquid spheres but in the behavior 
of the solid ones. 

In addition to their work on spores and wax spheres Zeleny and 
McKeehan studied the fall of mercury spheres in air. For this work, 
extremely small spheres were necessary and they too were uncertain of 
their measurement of the radii. 

In 1911, Rybcezynski® and quite independently Hadamard‘ derived 
from theoretical consideration, a modified form of Stokes’s equation for 
liquid drops falling in a viscous medium. They assumed a vortex motion 
of the particles within the sphere, due to the drag at the surface, and a 
consequently greater speed of fall. Their correction term involves 
the viscosity of the liquid within the drop and that of the medium 
through which it falls. The modified Stokes’s equation is of the form: 


9 Vv (" + my 
o — p)g = -u- | ——_— 
Pls 2" @ wm+uld’ 


~ 


where a, o, v and 2, are the radius, density, velocity and viscosity of the 
falling sphere, p and uw the density and viscosity of the surrounding 
medium. 

Besides the work of Nordlund, an attempt was made by Roux® to 
test the Hadamard equation by allowing mercury droplets to fall in 
castor-oil. Since the viscosity of castor-oil is about 300 times as great 
as that of mercury, this provided conditions such that the Hadamard 
correction should have very nearly its maximum value, unless other 
physical conditions are introduced which are not included in Hadamard’s 
hypothesis. Roux used comparatively large droplets, 618 u to 905 yn, 

1 Jones, Phil. Mag., 37, p. 451, 1804. 

2 See note 4 above. 

3 Rybezynski, Ac. R. des Sc. Cracovie, 9, I9II. 


4 Hadamard, Comptes Rendus, March, Igrt. 
5 Roux, Annales de Chimie et De Physique, May, 1913, p. 69. 
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_and determined their radius by weighing the tube of oil before and after 


introducing the droplet. His results indicate a greater velocity than 
obtained by the Stokes equation, ranging from 6 per cent. greater for 
the smaller to 10 per cent. greater for the larger ones, although in no 
case did the speed attain a value necessary to agree with that calculated 
by the Hadamard equation. 

In view of the fact that Nordlund obtained such good agreement 
with Stokes’s law, while Roux’s results all show a divergence in the 
direction of the Hadamard values in spite of the fact that he does not 
mention having used the Ladenburg correction for the diameter and 
length of the fall tube, it seemed worth while to repeat his work. It 
was hoped that by using a sufficiently wide range of droplets that an 
experimental curve could be obtained, which would show the transition 
from the Stokes to the Hadamard curve. 


THE APPARATUS. 


The apparatus was very simple. It consisted of a glass tube 40 cm. 
long and 5.5 cm. in diameter, drawn at the two ends to join to short 
tubes about 2 cm. long and .8 cm. in diameter. On each of these end 
tubes was placed a short piece of rubber tubing, which was closed by a 
clamp. Near each end of the tube and at about one third its length, 
etched lines encircling the tube permitted one to read without parallax 
the initial and final instant of the period of fall. The tube was sup- 
ported by a clamp at its middle, such that it could be inverted when the 
droplet had fallen the desired distance. Behind the tube at a distance 
of about 50 cm., was placed a white paper screen, which was illuminated 
from behind by three incandescent lamps. These lamps were sufficiently 
near the tube to change its temperature, if allowed to glow continuously, 
and were, therefore, not used more than two or three seconds at a time, 
when it was necessary to ascertain the position of the falling drop. Owing 
to the changeable summer temperature, the whole apparatus was set 
up in a basement room, where a thermostat and an electrical heating 
device maintained the temperature constant to 0.4° C. 


MEASUREMENT OF THE DIAMETER OF THE Drops. 

The diameters of the drops were measured by means of a Zeiss microm- 
eter ocular on a Leitz Wetzlar microscope, which had a magnification 
of about 60 diameters. Each turn of the screw corresponded to a shift 
of the cross hair of .00758 cm. The screw head bore fifty scale divisions 
and a setting of the cross hair tangent to the sphere could be duplicated 
with no greater variation than one half scale division. Allowing one 
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half division for setting on each side, the measurement of the diameter 
of the smallest sphere used was correct to 1.4 per cent. The microscope 
was calibrated by comparison with a grating made for such measurements 
by Zeiss. 

A preliminary study showed that the small mercury droplets could be 
readily picked upon the point of a steel needle and retained there if the 
needle were kept horizontal. If the droplet did not at first adhere to 
the needle, it was found to do so after dipping the needle into the oil 
to be used in the investigation, and the oil then removed by means of a 
dry cloth. Sufficient oil remained to cause the drop to adhere to the 
needle, yet not enough to cause any error in the measurement. To pick 
up the smaller drops, a very fine needle was used, while for the larger ones, 
it was necessary to use a larger needle. The microscope was turned 
to a horizontal position, and the needle (which for convenience in handling 
was held in the end of a small soft wooden cylinder about 10 cm. long), 
was placed in a suitable support which was held in position on the 
telescope table by the clamps designed for holding the slide. The micro- 
scope field was illuminated by an incandescent lamp behind a white 
paper screen about 30 cm. away. 

When the microscope was focused on the drop, it was seen as a spherical 
object clinging to the lower side of the needle. Measurements along 
different diameters showed it to be spherical within the accuracy of 
the measuring device. If the droplet had recently been blown by an 
atomizer from clean mercury on to a clean piece of paper it was seen to 
be free from dust particles. 


OBSERVATIONS. 

After the measurement of the diameter, the needle was lifted by the 
wooden cylinder from the support and the droplet carried to the fall 
tube. If the droplet was not too small it fell into the oil when the 
needle was placed vertically. To free the smaller ones, it was necessary 
to dip the point of the needle into the oil and move it slightly. The 
released droplet fell along the axis of the tube, the interval of fall between 
two selected lines being measured by means of a stop watch. As soon 
as the droplet had crossed the lower line the tube was inverted and 
another fall measured. Six to ten falls were recorded for each drop. 
In no case was the droplet allowed to touch the walls of the tube until 
all measurements were made. After the last measurement, the droplet 
was allowed to fall to the end of the tube, the tube was inverted, quickly 
opened, and the droplet removed by means of a medicine dropper, and 


another put in. 
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The following data were obtained: 
Radius in Cm. wr _ “eanciee pom hy omy 
Ladenburg Equation. Hadamard Equation. 
.00577 .0139 .0139 .0202 
-00829 .0281 .0286 .0416 
.00863 -0305 .0301 .0451 
.00974 .0398 .0395 .0575 
.01198 .0589 .0596 .0868 
.01599 .1045 .1057 .1538 
.01696 «A217 .1189 .1728 
.01928 1511 | .1533 | .2229 
-02090 .1800 | .1798 .2615 
.02118 .1842 | .1846 -2685 
.02149 .1903 -1900 | .2763 
.02194 2014 .1979 .2878 
.02251 .2113 .2083 | .3029 
.02506 2552 | 2575 | 3744 
.02659 .2893 .2893 | .4208 
.02789 .3226 .3214 | 4675 
.02997 3775 .3668 | .5335 





03779 5982 6211 | 9033 

The first and second columns are respectively, the observed radii 
and corresponding velocities. The third column contains the velocity 
calculated by the Stokes-Ladenburg equation: 


IN 


a*(o — p) 


a ay’ 
u(s + 244) (1 + 3.15) 
where R and L are the respective radius and length of the tube. The 
values given in the fourth column were obtained by multiplying those 
of the third column by the Hadamard correction. 

The density of the castor oil was found by the pyknometer method 
to be .95594 at 24.°8 C. The viscosity determined by a modified 
Ostwald viscosimeter was 6.5256. The viscosity of mercury was taken 
from the tables. These values of the viscosity gave for the Hadamard 
correction the value 1.4544. 


DiscussION OF RESULTs. 

It is seen that the observed values agree with those obtained by the 
Stokes-Ladenburg equation within the limit of experimental error for 
all drops observed. The agreement is shown more clearly by the curves, 
Fig. 1. The full line curves are drawn from values determined by 
the equations. The points are the actual observations. Curve S 










gee FALL OF MERCURY DROPLETS IN: VISCOUS MEDIUM. III 


represents the Stokes-Ladenburg equation, and Curve H the Hadamard 
values. The Hadamard correction, therefore, does not apply to the 





Fig. 1. 


case of mercury droplets in castor-oil of this viscosity. The failure is 
probably due to some surface effect not included in the Hadamard 
hypothesis. 

RYERSON LABORATORY, 
CHICAGO. 
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A METHOD FOR THE MEASUREMENT OF SMALL 
CAPACITIES. 


By WILL C. BAKER. 


HE method herein described permits capacities as small as one or - 


two centimeters to be evaluated by comparison with the capacity 
of a parallel plate condenser of variable plate distance. As the air con- 
denser is used at values from fifty to five hundred centimeters its capacity 
may be determined quite exactly from its dimensions. The extension 
of the method to the determination of the specific inductive capacity of 
small quantities of fluids and of solids of low melting point will be obvious. 


I. THEORY. 


Let C be the small system, of capacity x, to be measured, one of its 
“plates” being grounded. Let K, be the capacity of the parallel plate 
condenser when its plates (A and B) are d; cm. apart; A being at 
potential V and B being grounded. The quantity of electricity on A 
is given by K,V; and if this be shared with C, the quantity on A falls 
to K,V[K,/(K; + x)]. Suppose now that the connection between A and 
C be broken, C discharged, and the connection again made. The quan- 
tity on A is now K,V[K,/(K; + x)}*?; and if this series of operations 
be carried out ” times, the quantity on A is given by K, V[K,/(K; + x)]". 
Now let the plates A and B be drawn apart until the potential of A 
returns to V, and suppose that the new plate distance is d; and the 
corresponding capacity Ky. Thus we have the quantity on A before the 
separation given by K,V[K,/(K; + x)]” and after separation by K2V. If 
there has been no leak during the operation we may write 





K, n 
7 = on 7: 
Ril (<>) KV; 
therefore _ 
Ki _ | |Ke. (1) 
Ki+x 7 Ky 


It will be at once evident that the value of the ratio on the left side 
of this equation may be very exactly obtained, owing to its being the 
nth root of the observed ratio K2/K,; also if the ratio on the left be thus 
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exactly known, the value of x is known to the same accuracy as that of 
K;. Under the conditions given below K, ranged from 80 to 700 which 
may be obtained quite accurately from the dimensions of the condenser. 
Therefore x should follow with an error nearly as small. 

Again in the actual case K, is the sum of the capacity between the 
plates (Ki,); the edge correction (K,.); and that of the lead wires and 
other constant capacities in the system (K,,): thus our ratio 


Ke Kop + Kee + Ky 


Ki, Ky+Kit+ Kw’ 
but under the conditions quoted below K», is nearly equal to K,., and 
both, as well as K,, are small in comparison with Ki, or with Koy.! 
Thus the ignoring of these small terms is equivalent to the subtraction of 
a small constant from both numerator and denominator, leaving the 
ratio almost the same. Thus we may write 


Ko _ Kop _ A/4nd2 dy; 





K, a | a ios Aland ~ de 
and equation (1) becomes 


Oe 


K, Vd 
and 
n ds 
Ky a x= Ky —s (2) 
d, 


Further, suppose a series of determinations to be made as follows: 
Start from K, as the initial capacity; make say 20 contacts with C as 
described, and restore the potential by lowering the capacity to Ke. 
Now with K, as the initial capacity make 20 more contacts and obtain a 
second value for x by restoring the potential in changing the capacity 
to K3. With K; as the initial capacity obtain a third value for x, etc. 
Working in this way we obtain a series of determinations in which any 
error, either in setting the plates to restore potential (7. e., in the reading 
of the electroscope) or in the reading of the plate distance (d) in a given 
observation, causes an equal and opposite error in the next succeeding 
observation. Thus the mean of such a series should be of a higher 
accuracy than the mean of an equal number of disconnected observations. 
See the example in section III. 


1 In the readings given in sections III. and IV. below K2p/K1» is never greater than about 
0.9 so even if K. + Kw were equal to half of the term Kp, 7. e., even if it were of the order of a 
hundred centimeters, the ratio K2,/Kip would differ from the ratio Ki/Ke by only 3 per cent. 
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II. THe APPARATUS. 


The particular electroscope used in these experiments consisted of a 
tin box (6 X 6 X 4 cm.) with glass sides. The leaf was an isosceles 
triangle (base 5 mm., altitude 25 mm.) of aluminium foil carrying at 
its apex a tiny bit of fine quartz fiber attached with the smallest possible 
touch of thin shellac., The position of the end of this very definite index 
was observed on the eyepiece scale of a reading microscope. In order 
to get a good “‘hinge”’ the leaf was attached to the staff of the instrument 
by means of a small bit of gummed paper armed (on the gummed side) 
at the lower edge with a small rectangle of thin copper. The copper 
served, first, to give a straight edge about which the foil could bend; 
and, second, to keep the puckering, where the foil meets the gum, well 
away from the “hinge”’ itself. The lowest part of the gummed paper 
holds the copper; just above this the foil is attached, while the upper 
part fixes the whole to the staff. A block of sulphur cast about the staff 
provides the insulation. 

The parallel plate condenser was of the ordinary type—two circular 
discs mounted on carriages that slid on steel ways. The motion of the 
carriages was produced by screws, one of which was of I mm. pitch and 
had a divided head. After clamping one of the carriages in a fixed 
position the instrument was turned up so that the surfaces of the plates 
were horizontal. A block of wood between the lower plate and the 
table prevented any change in its position when the weight of the upper 
plate came upon it (see below). This plate was connected with the 
ground. The upper plate was insulated by a ring of cast sulphur that 
in turn was supported by three adjusting screws that bore on a brass 
ring cast into its lower surface. These adjusting screws were on the 
carriage controlled by the screw of one millimeter pitch. The moving 
plate itself carried on its upper surface two spirit levels set in soft wax. 
To secure parallelism, the upper plate was allowed to rest directly on the 
lower, quite free of the adjusting screws or of any other support. The 
bubbles of the levels were then brought to center by pinching the wax 
at one end or the other. The plates were then slowly separated and 
after the full weight of the upper plate was taken by the adjusting screws 
the bubbles were brought back to center by their means. On account 
of small irregularities in the motion of the carriage, the plate distances 
(d) were, in all later experiments, read by means of an optical lever, two 
legs of which rested on a brass bar fixed to the ways and the third (4 cm. 
from the line of the other two) on a piece of brass cemented to the sulphur 
ring. The telescope was 130 cm. away from the mirror. The zero 
reading was of course taken when the upper plate rested freely on the 
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lower. This afforded a means of reading plate distances that was entirely 
free from “back lash”’ of any kind. 


III. THe AVERAGE CAPACITY OF THE ELECTROSCOPE OVER A GIVEN 
PART OF THE SCALE. 


The capacity of an electroscope will in general be different at different 
deflections. The following section deals with the determination of the 
average capacity of the electroscope described above over that part of 
the scale lying between 2.50 and 3.50 (eyepiece scale). It is to be 
remembered that the capacity determined is that of the electroscope 
in the immediate vicinity of the charging wire; not that of the electro- 
scope free from other objects. In order to prevent the hand of the 
observer from altering the capacity in charging, the lead wire from the 
condenser was carried on a sulphur post attached to the end of a lath 
(over a meter long). This lath could be bent by pulling on a string that 
led to the observer’s seat; and in this motion the end of the wire was 
caused to dip into a tiny cup of calcium chloride solution in which the 
staff of the electroscope terminated. A plate of zinc soldered to a ground 
wire was used to discharge the electroscope. As this was introduced 
between the instrument and the charged wire it served also to shield the 
electroscope from charges induced by the wire. 

In making a determination, the plates of the condenser were set at a 
known distance apart (d,), and the system (condenser and electroscope) 
charged until the index stood at 3.50 on the scale. Connection was then 
broken; the electroscope discharged and a series of contacts, as described 
above, were made until the index had fallen as nearly as possible to the 
mark 2.50. (In the example quoted below this took nine contacts.) 
Leaving the electroscope in connection with the condenser the plates 
were separated until the index again stood at the mark 3.50 when the 
plate distance (dz) was read. Then a second series of contacts (requiring 
this time only eight) to bring the index to 2.50 and a second separation 
of the plates (to distance d3). Then another series of contacts and so 
on for eight or ten determinations. The last one in the example quoted 
took only two contacts. It will be easily seen from this that any error 
in the setting of the plates (judged by the position of the electroscope 
index) or in the reading of the plate distance will produce an equal and 
opposite error in the next determination. Strictly this applies to the 
readings, and only in a smaller degree to the reduced values. 

The following table gives an example of such a set of readings. These 
were taken before the optical lever was adopted and so contain errors 


from the uneven motion of the carriage. The plate distances here were 
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taken from the readings of the divided head of the screw that moved 


the carriage. 
Capacity of Electroscope ‘‘ B”’ for Range 3.50 to 2.50. 





SE I I ic kta ckeeenckwenenae nee’ 414.9 sq. cm. 
Capacity (K;) for plate distance ds.............. = 
4rd, 

x=K, Ndexi/de PRs sa wcnecedaenaeed (from equation 2) 
d, (Cm.) n K | x 
0.1261 9 | 261.9 3.3 
0.1409 8 234.4 2.9 
0.1556 8 212.3 2.9 
0.1737 : 190.1 | 2.8 
0.1919 6 172.1 2.7 
0.2108 ‘ 156.7 | 3.0 
0.2368 7 139.5 | Ew 
0.2655 5 124.4 2.9 
0.2975 4 111.0 | 3.0 
0.3314 4 99.7 3.2 
0.3769 > | 87.6 | 3.0 
0.4314 3 | 76.6 3.3 
0.4893 3 67.5 | KB 
0.5618 3 58.8 | a2 
0.6601 , 50.0 3.1 ; 
0.7476 | Ee | 3.04 








In this table the first column gives the plate-distances in centimeters; 
the second, the number of contacts required to carry the index from 3.50 
to 2.50; the third gives the initial capacity of the condenser; and the 
fourth column, the determined value of the capacity of the electroscope. 
It will be noticed that while the values of K,; range from 261.9 to 50.0 
and the number of contacts from 9 to 2 yet the values obtained for x 
are very nearly constant. Four successive determinations of the mean 
capacity of this instrument over the part of the scale from 3.50 to 2.50 
(the one quoted above being the first) gave 3.04, 3.05, 3.05 and 3.04 cm. 
Similar determinations at other deflections showed that the capacity 
was nearly constant over the lower and middle parts of the scale (prob- 
ably owing to the fact that the leaf here was passing the corner of the 
containing box) but that in the upper third of the scale it rose slowly. 


IV. THE DETERMINATION OF THE CAPACITY OF SYSTEMS OTHER THAN 
THAT OF THE ELECTROSCOPE. 

Several attempts were made to apply an extension of the method to 

systems the capacity of which could be calculated from their dimensions. 

The following section deals with the difficulties met with. The systems 
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were all spheres but it must be noted that the capacity will not be that 
of a sphere far removed from other bodies. The presence of the charging 
wire will lower the capacity and any dielectric used as a support will raise 
it. These do not permit of easy calculation. 

The lead wire from the condenser was soldered to the staff of the 
electroscope. It passed thence, on sulphur columns, along a lath about 
a meter long and finally rose (or fell) vertically for 30 or 40 cm. to the 
neighborhood of the sphere employed. The wire could be brought into 
contact with the sphere by bending the lath as described in the previous 
section. The discharge was accomplished as before by touching the 
sphere with a grounded plate interposed between it and the charging 
wire so as so shield the body from induced charges. 

The first sphere was of brass (radius 3.86 cm.). It was originally 
supported on a sulphur column 40cm. long. This was 1.2 cm. in diameter 
and it passed 2 cm. into an internal sleeve in the sphere. Six successive 
determinations on different days gave for the capacity of this system 
4.05, 3.90, 3.98, 3.91, 4.00, and 3.99 cm. This is quite satisfactory 
as far as constancy is concerned but the case is not amenable to calcula- 
tion. Obviously the lowering of capacity due to the lead wire is more 
than offset by the effect of the dielectric support. 

Then a three-eighth inch bicycle ball (radius 0.95 cm.) was suspended 
by a quartz fiber 34 cm. long. The fiber was attached by sealing wax 
to a bit of leaden wire that just filled a hole in the ball, being flush at 
both ends. Here the effect of the support was negligible, the disturbing 
factor being the contact wire (though the metal bars of the support, 
about a meter away, would raise the capacity slightly). The three 
values obtained for this system were 0.85, 0.89, 0.87 cm. The individual 
values in each series were very nearly constant; those in the first case 
being as follows: 0.83, 0.83, 0.84, 0.85, 0.85, 0.87, 0.86, 0.89, 0.86. 

Next taking a hint from the work of Hubbard and Stimson’ the large 
brass ball was hung on a quartz fiber 34 cm. long and the hole in the end 
of the sleeve was stopped by a disc of zinc cut to fit. The nearest objects 
were the horizontal bar of the support 34 cm. away; the vertical of the 
standard, 44 cm.; and the head and body of the observer were about a 
meter from the sphere. Two charging wires were arranged to touch the 
sphere at opposite ends of a diameter. Using this system of double 
charging wires the values obtained were 3.46 and 3.53 (mean 3.49, 
difference of individual values from mean of about I per cent.). When 
one of the charging wires was bent back so that it lay beneath the lath 
carrying the lead to the condenser, the values 3.79 and 3.72 were found 


1 Puys. REv., I., p. 246, March, 1913. 
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(mean 3.75 with about the same difference as before). Therefore the 
lowering of capacity due to the second wire appears to be 3.75-3.49 = 0.26. 
If we assume that the effect of the single wire is exactly half that of the 
double contact, the capacity of the sphere alone appears to be 3.75 + 0.26 
= 4.01 which is 0.16 or about 4 per cent. too high. A second set of 
measurements were made in which no object other than the contact wires 
and the supporting fiber were allowed to come within a meter of the 
sphere. The double contacts gave 3.19 and 3.12 and the single contacts 
3.66 and 3.67. These on the assumption of a double effect for the 
double contact indicate for the sphere a capacity of 4.16. A disc was 
also tried in the same manner. It gave a result several per cent. too 
high but in this case there was evident trouble with the insulation. 
This indicates that the discrepancy is probably due to imperfect insula- 
tion, so it has been decided to postpone further tests until the dry winter 
season when the troubles from the summer moisture will be absent. 


PuHysIcAL LABORATORY, 
QUEEN’S UNIVERSITY, 
August 3, I9QI5. 
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THE EFFECT OF MAGNETIZATION ON THE OPACITY OF 
IRON TO RONTGEN RAYS. 


By A. H. ForMAN. 


[* a previous paper! the results covering the investigation of the effect 

of magnetizing the iron in a plane perpendicular to the path of the 
Roéntgen rays were published. The results were negative with a set 
up of apparatus sensitive enough to detect a change of one part in ten 
thousand under the most favorable conditions. 

The work has been continued attempting to reach the same sensibility 
with the iron magnetized in a direction parallel to the path of the Réntgen 
rays. This proved rather difficult as it was necessary to magnetize a 
thin sheet of iron perpendicular to its plane and yet have a free path on 
both sides of the iron for the Réntgen rays. An electromagnet with 
hollow poles, as shown in Fig. 1, was designed and built. With this 
electromagnet it was possible to produce a field of 3,500 gauss perpen- 
dicular to the plane of the iron. However, the stray field from the electro- 
magnet was quite strong in the vicinity of both the X-ray tube and the 
ionizing chambers. In the vicinity of the X-ray tube it caused trouble 
by deflecting the cathode stream. The stray field also acted on the 
secondary rays from the walls of the ionizing chamber first used and 
thus masked any effect there might be. 

The deflection of the cathode stream was prevented by using neutraliz- 
ing coils, as shown in Fig. 1. By their use the stray field was neutralized 
except for a small component of field parallel to the path of the cathode 
rays. The first ionizing chamber which was used is described in the 
previous paper. It was found that nearly all the ionization was produced 
by secondary rays from the inside walls of the chamber and this seemed 

o be the reason for the change in ionization due to the stray field. 
To prevent these secondary rays from reaching the walls, a conical 
chamber (Fig. 2) was built. Although the ionization seemed to be 
unaffected by the magnetic field, it was comparatively small, and so 
lowered the sensibility of the apparatus. With a view of overcoming 
the defects of these two ionizing chambers a third one, shown in Fig. 1. 
was built. It gave a large amount of ionization, and when placed quite 


1 Puys. ReEv., April, 1914, pp. 306-313. 
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a distance from the electromagnet made possible a sensibility of the same 
magnitude as in the first work and it was not affected by the stray 
magnetic field. 

Fig. 1 shows the final set up of the apparatus. The ionizing chambers 
consist of two lead cylinders which are grounded. Inside each are two 
brass posts which support sheets of aluminum leaf, alternating as shown. 
In one of the chambers one set of the aluminum leaves is charged to a 
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p.d. of + 220 volts, while in the other chamber the corresponding leaves 
are charged to a p.d. of — 220 volts. The remaining set of leaves in 
each chamber are connected together to a grounding switch and to one 
of the quadrants of a Dolezalek electrometer. 

Perfect electrostatic screening of the system is effected by the use of 
a solid screening of tin-plate as in the earlier work. 

The R6éntgen rays pass through the top of the chambers and strike the 
aluminum, producing secondary rays which ionize the air between the 
leaves. The electric field due to a p.d. of + 220 volts causes a + charge 
to flow towards the electrometer from one chamber, while the p.d. of 




















Mon OPACITY OF IRON TO RONTGEN RAYS. 121 


— 220 volts causes a — charge to flow from the other chamber. When 
there is a perfect balance between the two chambers no charge accumu- 
lates and there is no deflection of the electrometer. A small change in 
the ionization of either chamber causes a charge to pile up and the elec- 
trometer deflection is proportional to the change in ionization and the 
time the grounding switch is open. The method of taking observations 
and calculating the sensibility are the same as explained in the first paper. 
Observations made with this set up and using the same piece of iron 
that was used in the earlier work show an increase in the opacity of the 
iron when it is magnetized in a direction parallel to the R6ntgen rays 
(perpendicular to the cathode stream of the X-ray tube). The effect 
seems to be about 5 parts in a thousand for a field of 3,500 gauss. Since 
soft iron is saturated at an induction of about 15,000, we have the iron 
molecules only slightly oriented in a field of 3,500 gauss, and so no 
doubt a greater effect would be found with a field of 15,000 or more gauss. 
There was a feeling from past experience that the observed effect 
might be due to some secondary cause rather than the change in opacity 
of the iron. To check this the iron was put in position a (Fig. 1) or over 
the ionizing chamber where the field would be comparatively weak. 
In this position with the conditions the same as when the iron was in 
position b (Fig. 1) no effect was observed. Thinking that the effect 
when the iron was in position 6 might be due to the effect of the magnetic 
field on the secondary rays coming from the iron, the iron was placed in 
position c. Here it would be in a comparatively weak field, but the 
secondary rays from the iron would pass through the magnetic field of 
3,500 gauss. With the iron placed in this position no effect was observed. 
As a further check a filter of tinfoil was placed below the X-ray tube 
and above the iron. This filtered out the rays which were likely to 
produce secondary rays in the iron and gave more consistent readings 
by making the condition of balance between the two chambers more 
stable. Next the effect of stopping the secondary rays produced in 
the iron, before they reached the ionizing chambers, was tried by covering 
the top of each chamber with tinfoil. In all these cases the effect of 
magnetizing the iron was evident. Tables I., II., III. and IV. give the 
readings with the tinfoil filter. These data include only two voltages 
across the X-ray tube, viz., 21 and 81.5 K.V. Measurements were 
made without the tinfoil filter for voltages of 21, 27, 32.5, 45 and 51.8 
K.V. and indicated an effect almost equal for all these voltages but 
slightly smaller in magnitude than with the tinfoil filter. The source 
of current was a high tension rectifying machine and the voltage was 
measured in terms of the effective voltage, so that the values above are 
less than the maximum or peak voltage across the X-ray tube. 
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TABLE I. 
Filter of Tinfoil and Iron in Position b. 























| Electrometer Defiection. | | | Electrometer Deflection. 
Mili-Amp. K.V. | Mag. Current | Mag. Current Mili-Amp.| K.V. Zero Setting Setting 
Off. On. |ofLead Strip.| Changed 
= sd A -» A 
5 27 82 | | 
5.1 | 26.4 55 5 | 27 | 121 
5.05 26.7 70 5 | 27 | 124 
4.9 27.3 73 5 | 27 | 124 
4.95 27.2 | 71 5 | 27 | 94 
4.9 27.3 | 72 5 | 27 =| 100 
4.95 212 59 5 | 27 | 94 
5 27 50d 5 | 27 | 128 
4.95 272 | 67 
4.8 | 27.6 | 79 | 
5 27 59 | 
5 27 | 67 
Mean deflection ...63 + 3.3 71 + 1.21 Mean deflection. .96 + 1.35 124.2 + 0.97 
Difference......... 8 + 3.55 Difference....... 28.2 + 1.66 


Proportional change = 0.00388 + 0.00163 Sensibility per scale division 
= 0.000485 + 0.000028 





The experimental work indicates that the iron is less transparent 
to the more penetrating Réntgen rays when it is magnetized in a direction 
parallel to the path of the R6ntgen rays. 

Since the R6ntgen ray is due to a disturbance created by an electron 


TABLE II. 
Filter of Tinfoil and Iron in Position b. 








Electrometer Deflection. | Electrometer Deflection. 
Mili-amp. | K- V-s | seag. Current | Mag. Current | Mili-Amp.| K. V. | Zero Setting Setting 
Off. On. of Lead Strip.) Changed 
| 2 Mm. 
5 81.5 | —36 5 81.5 | 60 
5 815 |  —44 5 81.5 60 
5 | 81.5 —35 5 81.5 | 76 
5.1 81.5 —26 5 81.5 69 
4.9 81.5 —30 5 81.5 | 74 
5.1 81.5 —31 5 81.5 55 
5 81.5 —37 | 4.9 81.5 | 60 
4.9 81.5 —32 | 5 81.5 76 
5 81.5 —31 | | | | 
Mean deflection. —38 + 1.37 —30 + 0.7 | Mean deflection. .58.7 40.8 73.7 41.11 
Difference...... 8 + 1.54) Difference....... 15 + 1.37 


Proportional change = 0.007 + 0.00156 _| Sensibility per scale division 
| = 0.0009 + 0.0000835 
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TABLE III. 
Filter of Tinfoil with Iron in Position b and with Tinfoil Over Top of Each Ionizing Chamber. 





| Electrometer Deflection. | Electrometer Deflection. 


Mili-amp. | K. V. 


Mili-amp.; K. V 


* | Mag. Current | Mag. Current Zero Setting | Setting 
Off. On. 











a it Ch... : minnie Strip.) Charged 
5 | 81.5 | —25 5.1 | 81.5 59 
4.9 | 81.5 —26 5 81.5 57 
5 | 81.5 | —-20 | § 81.5 57 
5 | 81.5 | —20 5.1 | 81.5) 69 
5 | 81.5) —25 5 | 81.5 74 
5.1 | 81.5)  —26 | 5 | 81.5 | | 76 
5.1 | 81.5 -19 | § 815; 59 | 
Mean Mean deflection. ..58 + 0.354 7341.4 
deflection —25.5 + 0.19 —19.66 + 0.27) Difference........ 15 + 1.44 
Difference. . 5.84 + 0.33 Sensibility per scale division 
Proportional change = 0.005 + 0.000595 | = 0.0009 + 0.000088 





whose motion is in the direction of the cathode stream of the X-ray tube, 
we would expect the absorption of energy from the R6ntgen rays to be 
by those parts of the molecule free to vibrate in the same plane. And 
unless the molecule is symmetrical about all its axes, there is a plane 


TABLE IV. 


Filter of Tinfoil with Iron in Position c. 








: 
Electrometer Deflection. | Electrometer Deflection. 








amp. | SV. Mag. Current | Mag. Current | a) Sv. Mag. Current | Mag. Current 
Off. On. | Off. | On. 

Si 26.5 62 | 49 81.5 | 42 

5 27 62 | 5 81.5 | 38 

5 27 61 | 81.5 42 

5 27 62 i § 81.5 40 

5 27 57 5.1 81.5 37 

| 26.5 60 | Be 81.5 36 

5 27 | 60 





Mean deflection.60.25 + 0.79 61-+0.387' Mean deflection...39 + 1.40 39.3 + 1.18 
Difference. ..... 0.75 + 0.875 Difference........ 0.3 + 1.6 
Proportional change = 0.0003 + 0.000425 Proportional change = 0.00027 + 0.0013 


through it where the absorption is a maximum. Magnetizing the iron 
will tend to align the molecules so that they will have their planes of 
maximum absorption parallel to one another. If the planes of maximum 
absorption are parallel to the cathode stream of the X-ray tube, then 
the iron will seem more opaque. The results of this work indicate that 
the plane of maximum absorption of the iron molecule is parallel to that 
of the electronic orbits which make up the elementary magnet. 
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It seems to the author that the failure of the Réntgen ray to ionize all 
the molecules of a gas through which it passes may be explained as due 
to the molecule having only one plane in which it can absorb sufficient 
energy from the Réntgen ray for ionization. As soon as time will 
permit, the effect of a magnetic field will be tried on the opacity of oxygen 
in an attempt to see if this is true. 

In conclusion the author wishes to express his indebtedness to Prof. 
Shearer for the use of his X-ray laboratory and the generous loan of a 
Coolidge X-ray tube, without which this last work would have been 
impossible. He wishes also to thank Prof. Merritt for the encourage- 
ment received during the slow progress of the work. 


September 20, IgI5s. 
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AN INVESTIGATION OF THE TRANSMISSION, REFLECTION 
AND ABSORPTION OF SOUND BY DIFFERENT 
MATERIALS. 


By F. R. WaTSON. 


HE experiments on the transmission of sound were performed with 
the following arrangement of apparatus.' The source of sound 
was an adjustable whistle blown by air from a constant pressure tank 
and mounted at the focus of a specially constructed parabolic reflector 
with a focal length of nine inches and an aperture of five feet. This was 
placed in front of an open doorway so that the sound, which proceeded 
in a large parallel bundle from the reflector, could pass through the 
doorway into another room. The receiver of sound, a Rayleigh resonator, 
was mounted in the other room in the path of the sound symmetrically 
opposite the reflector and doorway and measured the intensity of the 
transmitted sound. 

The resonator used was a modification of Rayleigh’s original design.’ 
It consisted of a horizontal brass tube closed at one end by an adjustable 
piston. A mica disc was suspended by a quartz fiber at an angle of 45° 
with the axis of the tube. When the sound of the whistle reached the 
resonator it set up a back-and-forth surging of the air in the resonator 
and caused the mica disc, which was placed at a loop, to rotate. This 
action is in accordance with the general principle that any flat object 
in a current of air tends to set itself at right angles to the current. The 
amount of rotation was measured by means of a lamp and scale in con- 
nection with a mirror which was attached to the suspended system above 
the mica disc. 

The readings on the scale are proportional, for small angles of rotation 
of the disc, to the intensity of the sound. This is shown as follows. 
The moment M of the couple turning the disc may be proven® to be 


M = kW? sin 2(6 — ¢), 
where W is the velocity of the steam, @ is the angle of repose between 


the direction of the stream and the normal to the disc, ¢ is the angle of 


1 Puys. REv., Vol. V., p. 342, 1915. 
2 Phil. Mag., Vol. 14, p. 186, 1882. 
3 W. Konig, Wied. Ann., Vol. 43, p. 51, 1891. 
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deflection, and k is a constant. In case the stream is not steady but 
alternating, as it would be in the case of the vibrating air in the resonator, 
W? may be replaced! by the mean value of W®. The intensity, J, of 
the sound setting up the vibrations in the resonator is proportional to 
the square of the velocity,” so that 


M = k, I sin 2(6 — ¢). 


Finally the turning couple M becomes equal for equilibrium to the 
restoring couple set up by the twisted quartz fiber and this latter couple 
is proportional for small angles of rotation to the angle of rotation ¢, or 


M = kee. 
Comparing the intensities of two sounds we get 


q ¢i sin 2(0 — gp) 


In g sin2(@— @)° 





In the experimental observations, g¢ was not measured directly; 
since the scale readings are proportional to tan 2¢, the scale being plane 
and the angle of deflection being doubled by the reflection of the spot of 
light from the mirror. Calculations for the data taken show that the 
ratios 

tan 2¢ 
tan 2¢ 
and 
gi sin 2(0 — ¢) 
¢2 sin 2(6 — ¢i) 





differ about 2 per cent. for the maximum angle of deflection, 11°. There- 
fore, as stated, the readings on the scale may be taken as proportional 
to the intensity of the sound. 

Measurements were taken, first, through the open doorway, then with 
one panel of material placed over the doorway, then two panels and 
finally three panels; the deflection of the resonator being noted for each 
case. Considerable trouble was experienced in getting steady deflections 
of the resonator. This was finally overcome to a great extent by arrang- 
ing a delicate adjustment for keeping constant the flow of air to the 
whistle, and also by building a small house with a glass window for the 
observer. Any movement of articles or air in the room changed the 
deflection of the resonator so that rigid observance of immovability 
of objects was necessary. The samples to be tested were mounted on 
similar frames of one-inch cypress strips and fastened over the open 


1 Rayleigh, Th. of Sound, Vol. II., p. 44. 
2 Rayleigh, Th. of Sound, Vol. II., p. 16, and Zernov, Ann. der Phys., Vol. 26, p. 79, 1908. 
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doorway by two ropes. A strip of hairfelt was mounted around the 
woodwork of the doorway to prevent sound leaking through at the 
edges. Preliminary measurements were carried on for some time to get 
the apparatus and method of taking observations in satisfactory shape. 
On December 30, two complete sets of observations were taken, the 
average of these being used to obtain the comparative values of the 
transmission powers of the different materials. Table I. gives the 


results obtained. 
TABLE I. 


Transmission of Sound. 

















} P P | 
Material. a Se 12 | Average Deflection. 
Thickness in Layers. | 0 I . 4 3 | ° | I | 2 | 3 ; 
——s a : ey Poe ieee ~ _— _- | | va = a 
i  , 40.3 | | | 
Open doorway ee aero | | 30.4 | 
aia . 23.0 | 15.3 | 10.8 | 
PF PE nes casera ones f 22.3 | 15.5 | 9.9 | 22.6 | 15.4 | 10.4 
we ) as 3.6 | 2.9 | 
He CUE DOME... .. +++ 0: f 8.1 | 3.9 | 2.9 | | 7.9 | 3.75) 2.9 
is i 2a 1.0 | 
37" - 
Ae IO. «4-2 2900 \ 1.2 | 2.0! 0.7 | 1.15! 2.05) 0.85 
. , a4 | 28 4.4 | 
yy" . : \ | 
ae FORMER... | 43 | 211 3.2 5.0 | 21.7 | 3.8 
: : 7.1 2.0 0.5 
37" e > > 1 } } 
34”’ paper-lined hairfelt.... . a 5.9 19 03 | 65 1.95) 0.4 
22 0.5 0.1 
gy 
Pe RRS + + oo orn ni } 23 06 0.1 2.25| 0.55) 0.1 
0.4 
yeu | 
14” pressed fiber.......... \ 0.25 | 0.32 
34”’ pressed Ger.......... 0.2 0.2 «| 








Table II. gives the calculated percentages of the sound transmitted 
and the sound stopped, it being assumed that the open doorway trans- 
mits 100 per cent. or, that it stops 0 per cent. 

The data of Table II. are shown in the form of curves in Fig. 1. In- 
spection of these curves shows that 1% in. hairfelt stops less sound than 
the other materials, one layer stopping only 43 per cent. Next comes 
the 14 in. cork board which stops 80 per cent. for one layer and 90.5 per 
cent. and 92.6 per cent. for two and three layers respectively. This is 
followed by the 34 in. paper covered hairfelt, the 34 in. flax board and 
finally the 14 in. pressed fiber, one layer of which stops practically all 
the sound. These values do not tell the whole story concerning the 
acoustical efficiency of the materials, since other qualities must also be 
considered. The pressed fiber, for instance, is of little value acoustically 
because its sound absorbing power is very small. 
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TABLE II. 














R | Percentage of Sound. 
Material. | a z 























Transmitted. Stopped. 
Thickness in Layers....... ° | I | 2 | 3 ° I 2 3 
Open doorway.............. | 100 | 0 
Ts ox skiarnvererem ave waves 57.0 | 39.0 | 26.0 43.0 | 61.0 | 74.0 
ge 2 20.0 | 9.5 7.4 80.0 | 90.5 | 92.6 
$4" cork board............. | 2.9 | 5.2 | 2.2 97.1 | 94.8 | 97.8 
4" paper lined hairfelt....... (13.0 | 55.0 | 9.6 87.0 | 45.0 | 90.4 
34” paper lined hairfelt....... La 0.5 | 0.1 98.3 | 99.5 | 99.9 
. oo | oy 0.14; 0.02 94.3 | 99.8 | 99.9 
Y%" pressed fiber............ | 0.08 | 99.9 
34” pressed fiber............ 0.05 | 99.9 
ee Flax Board 
“Cork Boord 
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Open Doorway Thichness of Moterial in Layers. 
Fig. 1. 


Percentage of sound stopped by materials. 


Curves showing the percentage of sound stopped by different materials. 


The curves for the 14 in. paper-lined hairfelt show that this sample 
acts differently than the others. Two layers of this material stop Jess 
sound than one layer. Repeated measurements gave the same puzzling 
result. The 34 in. cork board shows the same phenomenon, but to a 
less degree. After some consideration, it was decided to investigate 
other acoustical properties of the samples to see if additional data would 
explain this anomalous transmission. 

If incident sound falls on a material, three things may happen. The 
sound may be partly reflected, partly absorbed and the rest transmitted. 
If these three fractions are added together, they must equal the incident 


sound, or 
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T+A+R=T1 = 100 per cent. 


Therefore to know what happens to the incident sound it is necessary to 
determine the amounts reflected, absorbed and transmitted. On con- 
sidering the case of the paper-lined hairfelt in the light of this reasoning, 
it was decided to attempt to measure the reflection of sound. 


REFLECTION OF SOUND. 


By moving the parabolic reflector off to one side, the sound was sent 
obliquely toward the open doorway where it was reflected by the hairfelt 
and then passed to the Rayleigh resonator which had been moved into 
the same room with the reflector and placed so as to be directly in the 
path of the reflected sound. The observer, as in the transmission tests, 
stationed himself inside the small house and read the deflection of the 





Incident 
Sound 


CL 







Fig. 2. 


Action of a material in reflecting, absorbing and transmitting sound. 


resonator through the glass window. A small portion of sound was 
reflected from the sides of the doorway so that, even with no material 
over the open door space, the resonator gave a small deflection. This 
was taken as the zero deflection for the other readings. The deflection 
for 100 per cent. reflection was arbitrarily taken to be the largest deflec- 
tion obtained, namely, the deflection given by one layer of 34 in. cork 
board. This value is doubtless too small, but probably not much 
in error, especially when only comparative values are being considered. 
The average of two sets of observations on the reflection of sound from 
the materials is given in Table III. and in curves in Fig. 3. The inter- 
pretation of the results is best realized by combining curves from Figs. 
1 and 3. Thus, for 1% in. hairfelt in Fig. 4, it is seen that the curve for 
the reflected sound follows very closely the curve for the stopped sound. 
Consideration of Fig. 2 shows that the sound which is stopped by the 
material is reflected and absorbed. 
The amounts of reflected, absorbed and transmitted sound are thus 
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TABLE III. 
Reflection of Sound by Different Materials. 
. Material. Deflection of Resonatorin | Percentage of Sennd 
Centimeters. Refiected. 

Thickness in Layers. | o I | 2 3 | ° I 2 3 
Open doorway..............| 3.9 | 0 
aie wsissnnvanins | 4.9 | 6.6 | 10.5 | 19 | 25 | 40 
gf 15.7.| 220 | 22.6 61 85 87 
ee Ce ga2 | T1.2 | 22.1 | | 100 | 82 85 
\%" paper lined hairfelt....... | 20.7 | 5.9 | 10.0 | | 80 | 23 39 
34" paper lined hairfelt....... 10.4 | 6.6) 9.3 | | 40 25 36 
a 3 re 22.9 | 20.0 | 20.0 | | 87 | 77 77 
4” pressed fiber............ | 23.2 | | | 90 
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Fig 3.- Percentage-of Sound Reflected by Materials 
Fig. 3. 


Curves showing the percentage of sound reflected by different materials. 


easily shown in Fig. 4. The amounts of sound reflected and absorbed 
increase with the thickness, but the transmission decreases. It should 
be remembered that the absolute values for the absorption and reflection 
are doubtless in error but that the comparative values are in correct 
proportion. 

The curves for the 44 in. paper-lined hairfelt are shown in Fig. 5. 
The two curves of reflection and transmission follow each other closely. 
It is interesting to note how the absorption increases uniformly although 
the transmission and reflection both vary. The probable cause for the 
anomalous reflection and transmission, as will be discussed later, lies 
in the vibration of the material due to resonance. Certain thicknesses 
of the material vibrate vigorously under the action of the sound and thus 
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create sound waves on the further side of the material. This explanation 
is advanced also by Weisbach! who made a similar test but with different 
apparatus and method. 
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Fig4. - Curves for Hair Felt, showing how the Reflection, Absorption, and Transmission 
vory with the Thickness. 


Fig. 4. 


Curves for hairfelt, showing how the reflection, absorption and transmission vary with the 
thickness. 


DISCUSSION OF RESULTS. 


The transmission of sound of constant pitch depends on at least three 
qualities of the transmitting material;—its porosity, density and elas- 
ticity. Porous bodies transmit sound in much the same proportion that 
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Fig.5 - Showing the Reflection, Absorption, and Transmission 
of Sound by £* paper lined hair felt. 


Fig. 5. 
Showing the reflection, absorption and transmission of sound by 4” paper-lined hairfelt. 


1“*Versuche iiber Schalldurschlassigkeit, Schallreflexion und Schallabsorption,” Annalen 
der Physik, Vol. 33, p. 763, I910. 
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they transmit air.!. This is why hairfelt transmits more sound than the 
other samples. Density also plays a part. Two samples stop sound 
in proportion to their densities, other conditions being equal.? Thus 
the pressed fiber stops more sound than the same thickness of cork 
because it is heavier. Finally, an elastic body may transmit sound if it 
happens to be in tune with the source of sound so as to vibrate. To 
make this clear, consider the material to form a wall in the path of the 
sound and imagine it to vibrate exactly as the air would if the material 
were not present. Under these circumstances, there would be no 
reflection but only transmission of sound. From the results obtained it 
seems probable that two layers of paper lined hairfelt approximate to 
such a vibration. 

In case the pitch of the sound varies, porous walls and elastic walls 
reflect high pitched sounds in greater degree than low pitched ones.* 


LABORATORY OF PHYSICS, 
UNIVERSITY OF ILLINOIS. 
1 Tufts, Amer. Jour. of Science, Vol. 2, p. 357, 1901. 
2 Jager, ‘‘Zur Theorie des Nachhalls,’’ Sitzber. der Kaiserl. Akad. der Wissenschaften in 
Wien, Math-naturw. Klasse; Bd. CXX., Abt. IIa, Mai, tort. 
3 Jager, loc. cit. 








RADIOACTIVE DEPOSIT. 


THE RADIOACTIVE DEPOSIT FROM THE ATMOSPHERE ON 
AN UNCHARGED WIRE. 


By S. J. M. ALLEN. 


N the PHysicAL REVIEW for 1908 appeared an article by the author 
on the ‘Radioactivity of the Atmosphere,’”’ which stated that a 
considerable amount of active deposit could be obtained from a smoky 
atmosphere on an uncharged wire. This deposit was the same in nature 
as that obtained when the wire was charged to a high negative potential, 
having decay curves varying between the same wide limits. 

Mr. Wilson, at Manchester, England,! published a paper in which 
he stated that he could get no appreciable deposit on an uncharged wire, 
though he got an effect when the wire was negatively charged. This 
seemed strange, as one would expect a considerable effect at Manchester, 
which by report is as smoky as Cincinnati. Granting that the condi- 
tions are favorable at Manchester for obtaining the active deposit, 
Mr. Wilson’s negative result may be explained in several ways. With 
a wire of only 50 feet he could not expect to obtain enough deposit to 
measure unless he used a very sensitive apparatus. The active deposit 
on an uncharged wire is in general small compared with that on a 
charged wire. Careful correction, or elimination, of thé ‘‘natural leak”’ 
of the apparatus would be necessary. The author used 360 feet of wire 
and a very sensitive balance method in which the natural leak was 
eliminated. 

Mr. Harvey, at Denver, Colorado, states that he could obtain a very 
small effect on an uncharged wire in an atmosphere which was very 
clear as far as smoke was concerned, but contained a considerable amount 
of dust. 

There does not seem to be much doubt that in an atmosphere containing 
small nuclei, such as dust, smoke, rain, and snow, one can collect a 
radioactive deposit without the aid of a strong electrical field. These 
nuclei apparently act only as carriers and are drawn to the wire by dif- 
fusion, or wind. It is probably true that in case of smoke and dust 
particles the nuclei are sometimes charged. Negative nuclei would 
!' Wilson, Phil. Mag., 1909. 
*?Harvey, Puys. Rev., 1909. 
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TABLE I. 
Date. | Ex eee in Activity. Remarks. 
Nov. 3, 1914..... | 74. | «448 
wae. Goa 24 | 472 hw wind, clear. Heavy deposits. 
OO ows | 24 512 
ee) OP 23 | 336 E. wind, clear. 
OT PF asus | 25 | 384 w“ « 
- OF Se ccd 54 64 Rain. 
a 22 | «168 
“ ~ a ~ | a W. wind, clear. 
ER OP sete 23 168 | 
ee saad | 25 268 E. wind, clear. 
<a). “aero | 52 48 Rain. 
oo ere 52 344 
ee near 48 512 
ee 26 580 W. wind, clear. Heavy deposits of soot. 
PEI ae”. <sitaninait 53 308 | 
eM cease 15 332 
ee eee 29 308 Light rain. 
ar | = 124 108 Heavy rain. 
|Average. ies| wae 
April 1, 1915..... | 24 121 W. wind, clear. 
a ao eae! | 48 90 N. E. wind, stormy. 
eee  a55% | 48 78 Light rain. 
a (ee 54 107 - * 
Se Sg sates | 24 117 Clear. 
ae seeag | 17 175 W. wind, clear. 
Tn send 96 168 Part rain. 
= fe sneaks 24 68 Clear. 
ee | timer 72 117 Part rain. 
te ae eee 52 117 Clear. 
A eens 168 207 Clear for 96 hours. 
on errr 24 168 | | W. wind, clear. 
oa i 24 117 | Very light deposits during month, 
A ekaats 24 100 | } except on the 26th. 
Average....| 125 t 


therefore be the most efficient as collectors of the radioactive matter, 
which is positively charged. Any wire insulated in the air would be 
subject to the effect of the natural potential gradient of the atmosphere 
which is normally negative with respect to earth. Except in rare cases 
this potential gradient would not be comparable with the high ones 
usually used by experimenters in different parts of the world. 

The author could get an active deposit whether the wire was insulated 
from, or connected to, the earth, and even a small trace when it was 


positively charged. 
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TABLE II. 
Month | — aac __ | SC Number of Periods of 
| Maximum. | Minimum. | Average. Gussrvations. eee 
March, 1914...... | 375 | 47 | 4149 9 3 
April, “ ...... 300 48 | 163 20 4 
“ieee a ae 50 | «183 23 4 
, aoe 391 | 120 | 232 9 2 
OS ere 308 36 =| ~~ 132 5 2 
Gest... . 05. 268 | 125 | 191 5 1 
Oct., Ws niente 500 68 196 23 10 
Nov., “ ...... 530 48 | 316 19 3 
ee 414. 50 | 193s 13 9 
Jan, 1915...... 4430 54. | = 223 | 18 8 
Feb, “ ...... 410 280 |S 181s 13 | 5 
March, “ ...... 268 0 | 170 | 18 | 5 
ae 207 68 | 125 | 14 4 
May, “ ...... 396 100 =| | 18 10 
CE bic cre aewialieccuwsanwn | 193 | 


The present paper gives an account of further observations made 
during the last fourteen months under different atmospheric conditions. 
They are of considerable local interest, since for several years the Smoke 
Abatement League has labored to decrease the amount of smoke, and in 
the last year or two has been quite successful, so much so, that today 
the average clearness of the atmosphere at Cincinnati is greatly improved 
over what it was a few years ago. It was therefore of interest to see if 
this was having any effect upon the active deposit. 

The experiments were carried out in exactly the same place, and with 
the same apparatus as those in 1908. The wire was 360 feet long, 
running as an endless belt over pulleys. The active deposit was rubbed off 
on to a piece of cotton, or linen, and tested in the null reading ‘‘ balanced”’ 
electrometer, devised by the author. The electrometer was made very 
sensitive, and an uranium oxide standard used. Before each reading 
the ‘“‘natural leak’’ was exactly balanced in the testing chamber and the 
standard, so that the only ionization measured was that of the active 
deposit. 

By several preliminary experiments the conclusion was reached that 
nearly all the active deposit was removed from the wire by rubbing. At 
any rate only the outer layers of the deposit would be very active, since 
in a twenty-four-hour exposure the first active layers would have decayed 
away by the time of removal. 

Observations were made on most days that the weather would permit. 
Those during the summer months are rather incomplete, as the author 
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was absent from the university during that time. Exposures varied 
from about 15 hours to several days. An exposure longer than one 
day did not seem to make much difference in the active deposit obtain- 
able. On many days decay curves were taken over as long a range as 
possible. 

The results obtained for the last fourteen months are shown in Tables 
I. and II. Table I. gives the complete observations for the highest 
and lowest months; Table II. the summary for each month. The 
activity is given in terms of uranium oxide. A reading of 100 is equal 
to that of 1 sq. cm. of uranium oxide of about .9 the thickness of the 
McCoy Standard (100 = 5.2 X 10-" amperes). A characteristic set 
of decay curves are also shown. 

The following summary will serve as a discussion of the results obtained. 

1. It has been clearly shown that an active deposit can be obtained 
on an uncharged wire in a smoky atmosphere such as exists at Cincinnati. 

2. From the decay curves here shown it can be readily seen by careful 
examination that the active deposit consists of a mixture of the various 
disintegration products of radium. All the curves can be divided into 
three classes: those which are at first convex upward followed by concave 
upward; those which are concave upward, then convex upward, and 
finally concave; and those which are very approximately exponential 
over their complete range. The periods (half decay values) vary from 
8 to 50 minutes. A commén exponential has a period about 28 minutes 
(Radium C). Of course the deposit is a chance mixture which accounts 
for the great variation in the decay curves. Deposits have been taken 
which differed by only a few hours, and which showed entirely different 
decay curves. 

3. On no occasion could a decay curve be obtained which showed a 
period long enough to be taken for the thorium products. If it was 
present at any time it was never greater than the experimental error, 
certainly not greater than 10 per cent. This is in sharp contrast with 
the results shown in 1908 for a charged wire, when the thorium products 
were sometimes present in proportions as great as 30-40 per cent. It 
must therefore be that the thorium products are present in the air in 
small quantity compared with the radium products, or that they do not 
collect readily on smoke particles. 

4. The amount of soot deposited varied through wide limits, the 
maximum amount collected in 24 hours being about 0.12 grams. It was 
found that in general a large amount of soot indicated a large amount of 
activity, although there were several cases where a large activity was 


obtained from a small deposit of soot. I think it can be safely said as a 
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No. I. 


rough approximation that, if the radioactive matter in the atmosphere 
remains the same, the amount of activity on the wire is proportional to 
the amount of soot deposited. This of course would be only true for 
a steady state up to equilibrium. An interesting case was observed 
once. On one day the activity was 90 with clear weather. During the 
night there occurred one of the heavy smoke fogs which used to be com- 
mon to Cincinnati, but now more rare. In the morning the activity 
was 448. The next day was clear again, and the activity dropped to 
100. The normal activity was thus low, but the heavy precipitation of 
smoke deposited a large activity momentarily on the wire. 

5. The activity does not seem to vary greatly in summer and winter, 
but the results so far obtained would seem to indicate maxima and 
minima periods. A maximum occurs around November and December, 








—Inten sity 





Fig. 1. 


and a minimum around April. <A possible reason for this would be the 
following. At the approach of winter the production of smoke particles 
in the air is greatly increased due to inefficient stoking, and to the bad 
condition of the furnaces lying idle all summer. By late winter more 
efficient operation has been obtained with the result of much less smoke. 
Itisa fact that the amount of soot in the air here in early winter is much 
greater than in late winter. In November the deposit was very thick 
and black, while in April it was light and gray, and mixed with dust. 
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Both months were very fine. In May though the weather was very wet 
the activity was very much greater than in April. Whether actual 
maxima and minima occur in the amount of active matter in the air is 
not yet certain. Future observations over a long time may give results 
of interest. 

6. Winds from the NW. to SW. in general give the largest activity, 
while those from the E. give the smallest. Winds from the former quarter 
in Cincinnati blow over the smoky part of the city and also bring fine 
weather. East winds come from over the residential parts. 

7. The effect of rain is very certain. A heavy continued rain always 
clears the air of the activity. If the weather clears up with strong W. 
winds, the activity rises rapidly to its normal value. Before a rain the 
activity decreases gradually. Even during a rain storm one can often 
obtain a small amount of activity by rubbing the sooty water from the 
wire, and then drying the cloth. On one or two occasions even in fine 
weather not enough active deposit to be measured could be obtained. 

In conclusion one can say that the results enumerated and discussed 
in this paper fall into line with the general results on the radioactivity 
of the atmosphere observed by different experimenters in many parts 
of the world, the deposit on an uncharged wire being due to the smoke 
nuclei in air acting as carriers. The actual deposit at any time is a 
chance diffusion mixture in all proportions, and states of decay, of the 
radium products present in the atmosphere. 


UNIVERSITY OF CINCINNATI, 
June, 1915. 
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PROCEEDINGS 


OF THE 


AMERICAN PHYSICAL SOCIETY. 


MINUTES OF THE CHICAGO MEETING. 


HE eightieth meeting of the American Physical Society was held in the 
Ryerson Physical Laboratory of the University of Chicago on Friday, 
November 26, and Saturday, November 27, 1915. On Friday an afternoon 
session only was held. On Saturday sessions were held both in the forenoon 
and afternoon. President Merritt presided. 

A committee consisting of G. W. Stewart, of the University of Iowa, H. N. 
Randall, of the University of Michigan, and C. E. Mendenhall, of the Uni- 
versity of Wisconsin, presented the following resolution and it was adopted by 
the society by a rising vote: 

“‘ Karl Eugen Guthe possessed an unusual combination of those qualities 
which came to the notice particularly of his associates in the American Physical 
Society. In him a strong desire and exceptional training for thoroughness and 
precision was broadened by a great diversity of scientific interests; an absorbing 
enthusiasm was tempered by a large measure of human interest which made his 
companionship peculiarly attractive. His energy and effort were genuinely 
centered in his science and his work, freeing him from false pride in his own 
attainments and making him always generous in his appreciation of the work 
of others. His original contributions to the development of Physics are 
conspicuously evident wherever he has labored, and bear witness to his keen- 
ness of intellect and skillful technique. Such a man will be very greatly missed 
as a friend, as a physicist and as a counselor. 

(SIGNED) G. W. STEWART, 
C. E. MENDENHALL, 
H. M. RANDALL. 


The managing editor of the PuysicaAL REVIEW informally presented some 
information concerning the present condition of the REvIEW and asked for 
suggestions, particularly with reference to the policy that should be adopted 
by the editorial board in attempting to provide an adequate channel for the 
publication of the increasing amount of material pressing for publication. He 
stated that the present income of the REviEw had proved fully adequate for 
maintaining the REVIEW of the size that it has been maintained since the 
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beginning of the present series and that with a continuance of this income a 
small increase in size might be made; but that, unless the income were aug- 
mented, no great increase in size could be made without drawing upon surplus. 
The society voted to express its approval of the conduct of the REVIEW thus 
far and its confidence in the editorial board and to record its feeling that the 
board should feel authorized to make such enlargement in the REVIEW as, in 
the opinion of the board, should seem desirable and expedient. 

The following papers were presented: 

Talbot’s Bands and the Resolving Power of Spectroscopes. THOoMAs E. 
Dovust. 

Sensitive Photoelectric Cells and a Photoelectric Relay. JAkosp Kunz 
and J. STEBBINS. 

Atomic Models in whose Behavior a Magnetic Field is an Important Factor. 
ERNEST MERRITT. 

Experimental Evidence for the Essential Identity of the Normal and the 
Selective Photoelectric Effects. R.A. MILLIKAN and WILMER H. SOUDER. 

The Theory of Photoelectric and Allied Effects. R.A. MILLIKAN. 

The Cause of the Variation of the Emanation Content of Spring Water. 
R. R. RAMSEY. 

Distribution of Transmitted and Reflected B-particles, Determined by the 
Statistical Method. Atots F. Kovarik and L. W. McCMEEHAN. 

The Condensation and Reflection of Molecular Impinging on the Solid 
Surface. IRVING LANGMUIR. 

A Theory of the Initial Conditions of the Corona. JAKOB KuNz. 

Division of Current between a Gas Conductor and a Metallic Shunt. R. F. 
EARHART. 

On the Optical Properties of an Isolated Crystal of Selenium. CHARLEs H. 
SKINNER. (Introduced by L. P. Sieg.) 

A Simple Method of Identifying Hexagonal Crystal Structure and an X-ray 
Analysis of a Hexagonal Selenium Crystal. ELMER DERSHEM. (Introduced 
by G. W. Stewart.) 

Certain Cases of the Variation of Sound Intensity with Distance. G. W. 
STEWART. 

The Distribution of Electrons in a Substance that Exists in the Conducting 
and the Non-conducting States. L. E. Dopp. 

A Study of Apparent Specific Volume in Solution. LERoy D. WELD. (By 
title.) 

The Measurement of Optical Rotation in the Infra-Red. L. R. INGERSOLL. 

The Maximum Frequency of X-rays at Constant Voltages between 30,000 
and 100,000. ALBERT W. HULL. 

The Magnetic Properties of Iron above the Curie Point. E. M. Terry. 

On a Supposed Allotropy of Copper. G. K. BuRGEss and I. N. KELLBERG. 
(By title.) 

The Reflection of Sound. F. R. Watson. 
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On the Melting of Substances Under Pressure. M. A. ROSANOFF. 
Preliminary Report on Conditions Affecting the Adsorption of Air by Cocoa- 

nut-shell Charcoal. HArvey B. LEmMon. 

The Laws of Elastic and Viscous Flow. A. A. MICHELSON. 
A. D. CoLe, Secretary. 


NEGATIVE RESISTANCE.! 
By A. W. HUwLL. 


T is well known that when electrons fall on a metal plate in vacuum they 
cause the emission of secondary electrons (sometimes called 6 rays) and 
this secondary emission increases continuously with the velocity of the bombard- 
ing electrons, until at a certain velocity it becomes greater than unity; that is, 
the metal on which the electrons fall loses electrons instead of gaining them, and 
this loss continues to increase with increasing velocity up to three or four 
secondary electrons per primary electron. 

If the primary electrons come from a hot filament, and the velocity with 
which they strike the plate is due to a voltage difference between the filament 
and plate, then it is clear that an increase of this voltage produces a decrease 
in the net current to the plate; 7. e., the resistance of the system filament-plate 
is negative. 

If the system consists only of a filament and plate the secondary electrons 
will not be able to escape, since their velocity is too small to allow them to go 
back to the filament against the opposing potential, and they are compelled 


Cc 


vo/rts 
Ss 


Fig. 1. 





to return, after a short sally, to the place whence they started. In order to 
carry them away and realize the conditions of negative resistance sketched 
above, there must be present a third conductor more positive than the plate. 
This can most conveniently be made in the form of a perforated conductor 
placed between the filament and plate, maintained at constant potential 
higher than the plate, the perforations being large enough to allow a large 
fraction of the primary electrons from the filament to go through and strike 
the plate. 

A large number of tubes of this type have been made, with considerable 
variations in form, and all show the general negative resistance characteristic 
given in Fig. 1. Here the current is plotted positive when positive electricity 
flows from high to low potential across the evacuated space. The part AB 

1 Abstract of a paper presented at the meeting of the American Physical Society at New 
York, October 30, 1915. 
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of the curve represents negative resistance over the range of voltage included, 
and obeys the equation 


(1) t=) — 


’ 


V 
r 
or, if the voltage v is measured from the point C, where the curve cuts the axis, 


, v 
(2) a 


This negative resistance differs from devices having negative resistance 
characteristics, such as the arc, in three important respects, viz.: 

1. It is completely reversible over the entire range. 

2. It has no lag except that due to the capacity of the plate, which is ex- 
ceedingly small. 

3. It is aperiodic. 

The scientific application of negative resistance in connection with systems 
possessing positive resistance is very interesting. A single example will serve 
to illustrate this. 


Negative Resistance in Series with Positive Resistance. 

Let the tube with negative resistance r be connected in series with an ohmic 
resistance R, and an E.M.F. V maintained across the terminals, as shown in 
Fig. 2. Ifv, and vg are the potentials across the negative and positive resistance 
respectively, and z the current, then 


vt = r(i9 — 2) from Eq. 1, 


ve = Ri, 
V =u, + 0g = rio + i(R — 1) 
. = rio + ve(R — r/R), 
dup _ SiR 
qv R-gr 


That is, small changes in V are magnified R/(R — r) fold invg. The nega- 
tive resistance used in this way is therefore a voltage amplifier, and the ampli- 
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fication R/(R — r) can be made as large as desired by making R and r nearly 
equal. We obtained in our preliminary tests an amplification of 100 fold, at 
which point the variations in the constant voltage Vo furnished by our generator 











glia THE AMERICAN PHYSICAL SOCIETY. 143 
became so prominent as to mask the variations which we impressed upon it. 
But there should be no difficulty in obtaining 1,000 or even 10,000 fold ampli- 
fication. 

The operation is perhaps more evident from the graphical representation 
given in Fig. 3, where Curve I. represents the potential drop across the negative 
resistance as a function of the current, Curve II. that across the ohmic re- 
sistance, and Curve III, the sum of the two, which is the total potential V across 
the combination. It is evident that small changes in V correspond to very 
large changes inv and 72,. 

Many other combinations of negative resistance with: systems possessing 
positive resistance characteristics have been tried, with very interesting results, 
which will be published in the near future. 


RESEARCH LABORATORY, 
GENERAL ELECTRIC COMPANY. 


PLANCK’S RADIATION FORMULA DEDUCED FROM HYPOTHESES SUGGESTED BY 
° X-RAY PHENOMENA.! 


By WILLIAM DUANE. 


CCORDING to the prevailing conception of the mechanism of X-radiation 
the cathode particles in an X-ray tube generate X-rays when they hit 
the atoms in the target. 

Mr. Hunt, Dr. Webster and the writer have shown recently by experiments 
(a) that the maximum frequency of the X-rays multiplied by Planck’s radiation 
constant h equals the energy of the cathode particles as given by the product of 
the voltage into the elementary charge, but (6) that a large fraction of the 
radiation has frequencies lying considerably below the maximum, even when 
- all the cathode particles strike the target with the same velocity. 

Several investigators claim to have produced X-rays by applying differences 
of potential of a few volts only to a tube; and, if the above laws hold in such 
experiments, the waves produced must lie in the ultra-violet region of the 
spectrum. 

According to Moseley’s law connecting the characteristic X-rays with the 
atomic numbers of the elements the a-lines in the K series of helium (if it has 
a K series) must have wave-lengths at about 1212 Aangstréms and the 8 and 
¥ lines probably have wave-lengths several per cent. shorter than this. Using a 
discharge tube containing helium and hydrogen, Professor Lyman recently 
discovered some strong lines in this very region of the spectrum. 

Further, granting that the above laws connecting the frequencies of X-rays 
with the energy of the cathode particles hold for small velocities, electrons 
having the kinetic energy attributed to atoms and molecules at incandescent 
temperatures on hitting atoms must produce radiation, the wave-lengths of 
which lie in the visible and infra-red spectra. 

1 Abstract of a paper presented at the New York meeting of the Physical Society, October 
30, I9OIS. 
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We are thus led to the general conception that radiation of all frequencies is 
produced by the bombardment of atoms by electrons. ; 

The object of this paper is to discuss the distribution of energy in the spec- 
trum of general, or black, body radiation at constant temperature on the 


following 
Fundamental Assumption. 


Some of the electrons in a radiating body fly about more or less freely, 
hitting the atoms and thereby producing the radiation; and the number d N 
of these electrons per c.c. that have speeds lying between v and v + dv is 
given by Maxwell’s distribution law, namely: 


aN = Ai de, (1) 


where A is a constant at a given temperature, and a, the most probable velocity, 
is connected with the mass m of an electron and the temperature T by the 
equation 

4ma2 = kT, (2) 
k being the well-known constant. 

Before proceeding further with our deduction of the energy distribution we 
must get a relation between the frequency of a train of waves and the velocity 
of the electron that produces it, and a second relation between the amount of 
energy radiated and this velocity. The first relation I take from the above 
mentioned experiments of Mr. Hunt, Dr. Webster and myself, and state it 
as follows: 


Frequency Hypothesis. 


When an electron produces radiation by hitting an atom, the frequency v 
of the radiation is given by the equation 


* 


Energy = 3mv* = hy. (3) 


From this point of view the radiation of lower frequency that, as we discovered, 
came from the tube must be ascribed to secondary, tertiary, etc., radiations, and 
perhaps to electrons that have been slowed down in the surface layers of the 
target before they hit atoms in exactly the right way to produce radiation. 

The frequency hypothesis says nothing about the amount of energy radiated. 
Equation (3) is not necessarily an energy equation in the sense that the whole 
kinetic energy }mv? is supposed to be radiated as a quantum hy of radiant energy, 
although it may be so. The hypothesis simply states the relation between the 
frequency v and the velocity v of the electron that produced the radiation. 

The second hypothesis deals with the amount of energy radiated, and this 
I take from the so-called fourth power law. Sir J. J. Thomson first suggested 
this law, and some experimental evidence in favor of it has been obtained by 
estimating the total ionization due to X-rays and assuming proportionality 
between the total ionization and the total X-ray energy. 
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Energy Hypothesis. 


When electrons of speed v produce X-rays by hitting atoms, the energy 
radiated per hit is on the average proportional to the fourth power of the speed: 
thus ; 

energy radiated _ 4. (4) 
per hit 
where / is a constant. 

To deduce the distribution law we start with equation (I). The number of 
hits d H that the electrons of speed v make per second against the atoms must 
be proportional to d N and tov. Hence 


dH = Be #yidv, (5) 
where B is a constant. 
From the energy hypothesis, equation (4), the total energy radiated per 
second by these electrons is 


dE = lw'd H = 1Be- 


2 


aly, (6)? 


and, substituting for a? from equation (2) and for v from equation (3), we have, 
since mvdv = hd», 

&\* = 

dE = 8lB (+) e *Ty3dp 
m 
hv 
= Ce *Tdy, (7) 

where C is a constant. 

This is Wien’s equation, and we have deduced it from the assumption that 
some of the electrons in the radiating body possess the energy that atoms and 
molecules at the same temperature possess, and from two laws (equations (3) 
and (4)) suggested by X-ray phenomena. 

In the following I propose to show that slight extensions of the frequency 
and the energy hypotheses, which are consistent with the known facts and 
laws of X-rays give us the distribution of energy in the spectrum in the form 
of Planck’s equation. 

The fact mentioned above that an X-ray tube produces rays of lower fre- 
quency than the maximum suggested to me that perhaps the mechanism which 
generates radiation might be such that electrons produce not only rays of the 
maximum frequency but also rays of 1/2, 1/3, -**, I/nth+:-, etc., of this 
frequency—a kind of resonance phenomenon. With this extension the first 
hypothesis becomes: 

Frequency Hypothesis. 


When electrons of speed v produce X-rays by hitting atoms the frequencies 
v of the X-rays are given by the equation, 


Energy = 3mv? = nhv, (8) 


where 7 may be any positive integer. Here as above, according to the theory 
under discussion, radiation does not take place necessarily in quanta hp, 
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although, the electron being a discrete particle producing individual shocks, 
the energy must be emitted in a more or less discontinuous manner. 
The second hypothesis may be extended very simply as follows: 


Energy Hypothesis. 

When electrons of speed v produce X-rays by hitting atoms, on the average 
the energy radiated per hit at frequency v is proportional to the fourth power 
of the quotient of v by m, thus 

Energy radiated ail (: .. (9) 
per hit ° 
where / is a constant and n is the same as in equation (8). 

Let us calculate the energy radiated per second at frequencies lying between 
vy and v + dv. Some of this radiation comes from electrons having speeds 
ying between v given by equation (8) and v + dv. The number of hits these 
electrons make per second is given by equation (5) and from the energy hy- 
pothesis, equation (9), the energy radiated per second by them is 


? 
dE, = 5 Suds. (10) 
n 


Substituting from equations (2) and (8), and remembering that mvdv = nhdp, 


h \4 mb 
a5 (=) kT y3dyp 
m 


we have 


dE, 


nhv 


Ce” kT y8dy, (11) 


where C is a constant. 
The total energy radiated per second between the frequencies v and v + dv 
is the sum of terms such as (11) where has the values of the position integers. 


Hence 
me oe _nhy 
dE = Cr*dv(e tT +e *? + +++ e KT 4---) 
3d. 
=c——, (12) 
ekT — J 


which is in the form of Planck’s equation. 

Thus we have succeeded in deducing that equation for the distribution of 
energy in an emission spectrum which seems to fit the facts of black-body 
radiation better than any other equation hitherto suggested; and we have done 
this by making certain simple hypotheses which are consistent with X-ray 
phenomena as we know them, and which, as a matter of fact, were suggested 
by a study of X-rays. 

According to the point of view adopted here the discontinuity that gives us 
the series (12) reducing to Planck’s form of the equation comes from the 
frequency relations, and not from any law according to which radiant energy 
can be produced or exist only in quanta hyp. 
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As stated above the discussion in this paper applies to the general radiation 
and not to the characteristic radiation. Apparently the characteristic X-rays 
do not obey accurately the law represented by equation (3), or (8). As I 
pointed out at a meeting of this Society last year, in general the energy of a 
cathode particle must be somewhat larger than hv, before it can excite a char- 
acteristic radiation of frequency v. 

H. A. Lorentz has deduced an expression for the absorption of radiation of 
sufficiently long wave-length by electrons distributed among the velocities 
according to Maxwell’s law, and finds that the absorption is independent of 
the frequency. In such a case the ratio of the emission to the absorption ex- 
pressed as a function of the frequency will be of the form represented by 
equation (12). 

A further minute study of electrons in X-rays tubes may lead to an equation 
that represents the facts more accurately even than Planck’s does. 


HARVARD UNIVERSITY. 


THE VALUE OF ‘‘h’’ DETERMINED PHOTOELECTRICALLY FROM THE ORDINARY 
METALs.! 


By W. H. KaApeEscu AND A. E. HENNINGS. 


N photoelectric observations on surfaces of Mg, Al, Sn, Cu, Fe and Zn 
freshly made in vacuo, it was found that the applied potential necessary 
to prevent the escape of electrons to the same Faraday Cylinder was, almost 
within the limits of error of the experiment, the same, for a given frequency, 
for all the metals tested. The slope of the curve relating the frequency of the 
light and the maximum emission velocity of electrons was the same for all, 
within the same limits, hence “ #”’ determined in this way is also practically 
the same. Because of the greater range of frequencies to which they are 
sensitive, Mg and Al were chosen for more careful study. The value of ‘‘h’’ 
obtained from Mg was 6.45 X 107°’, that from Al 6.41 X 107?7, 


RYERSON LABORATORY, 
UNIVERSITY OF CHICAGO. 


THE RELATIONS OF THE PHOTO POTENTIALS ASSUMED BY DIFFERENT METALS 
WHEN STIMULATED BY LIGHT OF A GIVEN FREQUENCY.! 


By A. E. HENNINGS AND W. H. KADESCH. 


IGHT of the ordinary metals, Mg, Al, Sn, Cu, Fe, Zn, Ag and Brass, only 

the first six of which were used, were arranged on a wheel in a photoelectric 

cell in such a way that they could be turned at will toward a magnetically 
operated scraper, by means of which fresh surfaces could be readily made, and 
then toward a Faraday cylinder, placed approximately 180° from the scraper. 
The light was furnished by a mercury in quartz arc, and was analyzed by a 
quartz spectrometer. Settings on any spectral line were facilitated by means 
1 Abstract of a paper presented at the New York meeting of the Physical Society, October 
30, IQI5.- 
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of a crystal of uranium sulphate. Absorbing screens were used to cut out 
diffuse light of shorter wave-length than that of the spectral line employed. 
The Faraday cylinder was connected with one pair of quadrants of an electrom- 
eter, and the illuminated electrode given any desired potential by means of a 
potentiometer arrangement. The electrometer had a sensitiveness of about 
1,400 mm. divisions per volt. 

The curves plotted with applied potentials as abscisse and photo currents 
as ordinates plunge sharply into the potential axis, indicating the existence of 
a maximum velocity of emission. There is no indication of an asymptotic 
approach to the voltage axis. 

For a given frequency the curves for the different metals, freshly scraped, 
all meet the voltage axis at very nearly the same point. When observations 
were made as soon as possible after scraping the curves for Mg and Al showed 
a tendency toward slightly higher electronic velocities. The differences how- 
ever were not much greater than the errors of observation. 

When the surfaces were allowed to age there was a gradual fall in the maximum 
velocities of the electrons. This is attributed to the formation of surface films. 


RYERSON LABORATORY, 
UNIVERSITY OF CHICAGO. 


DEMONSTRATION OF A MODEL VISIBLY REPRESENTING GAs MOLECULEs.! 
By E. F. NORTHRUP. 
HIS is a piece of physical apparatus for illustrating many of the principles 
of the kinetic theory of gases. It is adapted also for making precise 
quantitative determinations. Approximately 16,000 one sixteenth inch steel 
balls in a cylindrical glass inclosure are maintained in motion in the precise 
manner in which the molecules of a gas are supposed to move. The apparatus 
enables one to show: 
1. The change of pressure of a gas at constant volume with change of temper- 
ature. 
2. The change of volume of a gas at constant pressure with change of temper- 
ature. 
3. The viscosity of a gas as exhibited in damping out oscillations of an oscillating 
system suspended in it. 
4. The property possessed by a gas and a liquid of causing a higgeldy-piggedl y 
motion of small suspended particles and known as the Brownian move- 
ments. 
5. The relation between gas pressure and number of impacts, at a given tem- 
perature, per unit time per unit area. 
The glass cylinder is about 22 cm. in diameter and its height is 25 cm. 
Several experiments not here mentioned can be made with this apparatus. 
The apparatus was shown in operation and its principle features described. 
PALMER PHYSICAL LABORATORY, 

PRINCETON, N. J. 
1 Abstract of a paper presented at the New York meeting of the Physical Society, October 

30, IQIS. 
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THE THEORY OF THE FLICKER PHOTOMETER.! II. UNSYMMETRICAL 
CONDITIONS. 


By HERBERT E. Ives AND E. F. KINGSBURY. 


HILE the primary purpose of this paper and the preceding one has been 

to develop a theory to explain previously ascertained experimental 

facts, the new experimental results, called forth by the predictions of the 

theory and the wish to verify all its consequences, are sufficiently valuable to 

demand that the summary be divided into two parts—“ experimental "’ and 
“ theoretical.” 

EXPERIMENTAL. 
(a) Phenomena of Frequency of Disappearance of Flicker. 


1. Different ratios of light to dark exposure under constant illumination 
call for varying critical speeds. At high illuminations a maximum occurs for 
approximately equal light and dark intervals, but the curves connecting 
relative period of light exposure and critical speed are not symmetrical. 

2. At low illuminations, using blue light, the maximum at equal light and 
dark exposures is absent. Instead the critical speed increases continuously 
as the ratio of light to dark interval is decreased. 

3. The relationship between illumination and critical speed is represented by 


the equation 
critical speed = a log illumination + 3, 


em 


where ‘‘a” and ‘‘b”’ are constants, ‘‘a’’ being closely the same whatever the 

relative light and dark exposures, and “‘b”’ varying with the relative exposure. 

4. When a flickering illumination is superposed on a steady one, the critical 

frequency is connected with the mean illumination by the same logarithmic 
“9 


relation as that just given, but the constant ‘‘a’’ varies with the ratio of flicker- 
ing to steady illumination. 


(b) Behavior of the Flicker Photometer. 

5. The high sensibility of the flicker photometer is shown to be due to the 
very rapid increase in the critical frequency of disappearance of flicker on each 
side of the equality setting. 

6. In a flicker photometer which exposes the compared colors for unequal 
periods, the less exposed color will be underrated. 

7. Mechanical imperfections in the flicker photometer field are shown to 
seriously shift the equality point even with no color difference, emphasizing 
the necessity for strictly substitution methods in flicker photometry. 


THEORETICAL. 
The behavior of the visual apparatus toward intermittent light is closely 
parallel to the action of a layer of matter, obeying the Fourier conduction law, 
1 Abstract of a paper presented at the New York meeting of the Physical Society, October 
30, IQIS. 
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in which the diffusivity varies as the logarithm of the intensity of the illumina- 
tion, this layer being exposed to the intermittent light in one side while its 
condition on the other side is measured by an instrument whose sensibility is 
governed by the Weber-Fechner law. 

Or, given the experimental data on the behavior of the eye in perceiving 
flicker with equal dark and light sectors for different colors at various intensities, 
it is possible from the most general law of conduction, on the basis of the simple 
assumptions here made, to predict with considerable accuracy the phenomena 
occurring with discs of varying openings, at both high and low illuminations, 
the phenomena with superposed flickering and steady illuminations, the sensi- 
bility characteristics of the flicker photometer, the behavior of the flicker 
photometer toward different colors at various illuminations, the occurrence of 
color flicker and brightness flicker, the effect of unequal exposures of the colored 
lights under comparison, and the disturbing effects of mechanical defects in the 
photometric field. 

The phenomena explained or predicted by the theory constitute in fact all 
known experimental facts in connection with the flicker photometer. Where 
the correspondence between theory and experimental fact is more qualitative 
than quantitative we have advanced reasons for believing these differences to 
be due to the approximate nature of the solutions of the mathematical work, 
or the insufficiency of our experimental knowledge of certain factors. 


UNITED GAS IMPROVEMENT Co. PHYSICAL LABORATORY, 
PHILADELPHIA, PA. 


THE VELOCITY OF POLYMORPHIC CHANGES UNDER PRESSURE.! 
By P. W. BRIDGMAN. 


F two solid phases of any substance are in contact at the equilibrium pressure 
and temperature, and if the volume is changed by some external agency, 
an internal readjustment takes place such as to make the pressure return toward 
the original value. This readjustment is a growth of the appropriate phase 
at the expense of the other; the rate of growth is measured by the rate of return 
of pressure. If the displacement of pressure is so small as not to enter the 
region in which nuclei of one phase are spontaneously produced, the rate of 
return of pressure measures the rate of growth of the surface separating the two 
phases. Results have been obtained by this method for the time rate of a 
number of polymorphic transitions. Many substances show a band of finite 
width on either side of the equilibrium point within which the transition does 
not run, except for very minute effects of a different order. Furthermore the 
transition velocity curves are not symmetrical on the two sides of the equili- 
brium point, but that transition which is accompanied by decreasing volume 
in almost every case runs more rapidly than the reverse transition. This shows 
that the mechanism of a polymorphic transition must be entirely different from 
1 Abstract of a paper presented at the New York meeting of the Physical Society, October 
30, IQIS. 
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that of vaporization, for example, in which there is an equilibrium between 
streams of molecules in each direction. Except for these two points of similar- 
ity, different substances show great divergencies in the transition velocity. 
The velocity may become greater or less at higher pressures and temperatures, 
and the width of the band of indifference may also vary in either direction, or 
pass through a maximum or minimum. There is no definite connection 
between transition velocity and width of the band, but cases have been found 
where the transition increases in velocity at the same time that the band 
increases in width. 


THE JEFFERSON PHYSICAL LABORATORY, 
CAMBRIDGE, Mass. 


HEAT CONDUCTIVITY OF TUNGSTEN AT HIGH TEMPERATURES AND THE 
WIEDMANN-FRANZ-LORENZ RELATION.! 


By IrRvING LANGMUIR. 


ROM the preceding paper it is seen that the resistance of a tungsten 
filament over a wide range of temperatures (600 to 2800°) can be ex- 
pressed quite accurately by the equation R = cT*, where c is a constant and 
p = 1,242 (average value of n between 600 and 2800°). Similarly the radiated 
power can be expressed with fair accuracy by the relation W = cT® where w 
is a constant. By averaging the values of mw from 2400° down to 400°, 
weighting each in proportion to the corresponding value of W, the value of w 
is found to be w = 4.96. 
If the heat conductivity (A) of tungsten is assumed to be independent of the 
temperature, then the differential equation for the distribution of temperature 
along a filament near a cooling junction is 


d’6 
(1) ara t & = —, 


where @ is the ratio of the temperature (°K.) at the point x to that at a point so 
far removed from the junction that its temperature is unaffected by the junction. 
The value of a is 

(2) a= coe. 

v/l 





Here T is the temperature of the filament far from the cooling junction; R 
is the resistivity of tungsten at the temperature T; and V/I is the potential 
gradient along the central part of the filament. It should be noted that the 
diameter of the filament does not occur explicitly in this equation. 

Equation (1) apparently cannot be completely integrated, but if the nu- 
merical values of p and w are introduced, the values of @ in terms of x/a can be 
calculated with any necessary degree of approximation. Tables of this function 
have been prepared and will be published. 


1 Abstract of a paper read before the Physical Society at New York, October 30, 1915. 
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By means of this function Worthing’s data on the heat conductivity of tung- 
sten at high temperatures! have been recalculated. It is found that the ex- 
perimental data are entirely consistent with the assumption that the heat 
conductivity is practically independent of the temperature. The value of A 
found from Worthing’s data for a filament at 2410° K. is X = 1.14 watts per 
cm. per degree. 

According to the Wiedemann-Franz-Lorenz relation the quantity AR/T 
should be a constant for all metals at all temperatures. Using the above value 
of X we obtain, for tungsten at a mean temp. of 2200° K.: 


AR 
—— = 3. 1078, 
T 3 49 X 
Jaeger and Dieselhorst, by measurement on eight pure metals at 18° C. 
and 100° C., obtained the mean value (at 18° C.) 


xe = 2.43 X 107%. 


They found, however, that Lorenz's Law is not quite fulfilled, and that AR/T 
has a positive temperature coefficient, ranging, for different metals, from .ooo1 
to .0010 (average .0004). If we assume that \R/T = 2.43 X 1078 for tungsten 
at room temperature then the value 3.49 X 1078 at 2200° corresponds to a 
temperature coefficient of .00023, well within the range of values found by Jaeger 
and Diesselhorst. 

We may therefore conclude that tungsten at high temperatures fits in as 
well with the Wiedemann-Franz-Lorenz relation as do most other pure metals. 


RESEARCH LABORATORY, GENERAL ELECTRIC COMPANY, 
SCHENECTADY, N. Y. 


RADIATION FROM TUNGSTEN FILAMENTS AND THE MECHANICAL EQUIVALENT 
OF LIGHT.? 


By IRVING LANGMUIR.! 


AREFUL measurements of volts, amperes and candle-power as functions 
of filament temperature have been made on about fifteen specially con- 
structed lamps. The length and diameter of the filaments were also measured. 
Corrections were made for the cooling effect of the leads. From these data the 
following quantities were calculated as functions of temperature: 
1. Specific resistance, R ohms-cm. 
2. Resistance exponent calculated from the relation mp = d log R/d log T. 
3. Watts radiated per sq. cm. of surface (bulb at 298° K.). 
4. Watts exponent mw = dlog W/dlog T where W = watts radiated in 
space at o° K. 
. Total emissivity (watts radiated expressed as a fraction of the total radiation 
from a black body at the same temperature). 


on 


1 Puys. REV., 4, 538 (1915). 
2 Abstract of paper presented at the New York Meeting of the Physical Society, October 30, 
IQI5s. 
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6. Intrinsic brilliancy in international candles per sq. cm. of projected area. 
7. Color. Expressed as the temperature of a black body which emits light of 
the same color. 

The temperature measurements were made with a Holborn-Kurlbaum 
pyrometer as described previously! using a monochromatic screen (A=.664u) 
and taking the emissivity of tungsten for this wave length to be 0.46. 

In calculating the total emissivity, the constant of the Stephan-Boltzmann 
equation was taken to be o = 5.633 X 107-” watts/cm’. 

To obtain the data on the color of the light a large image of a helically wound 
filament was thrown on a white screen. With a portable Weber photometer the 
light from different portions of the image was color-matched against the photom- 
eter lamp. It was found that the light from the inside of the helix (nearly 
black body) was distinctly redder than that from the outside. Quantitative 
measurements, corrected for the departure of the inside of the helix from true 
black body conditions, gave the results shown in the table. These results are 
to be looked upon as preliminary results only. More accurate experiments 
are in progress. 

The intrinsic brilliancy (column 6) can be theoretically calculated from the 
Planck equation, provided the emissivity of tungsten, the visibility function 
and the mechanical equivalent of light are known. Conversely, the mechanical 
equivalent may be determined from the experimental data on the intrinsic 
brilliancy. Using Nutting’s visibility data, and taking the constants of the 
Planck equation 

Ci = 3.72 X 107% watts; Cs = 1.4392 


the mechanical equivalent of light is thus found to be .o0121 watt per lumen.? 

This result is in good agreement with Nutting’s* value .oo120, but differs 
considerably from that determined by Ives, Coblentz and Kingsbury,‘ namely, 
.00162. 

The values of candles per sq. cm. given in the table have been calculated 
from the Planck equation and from Nutting’s visibility data. The experi- 
mental results agree very closely with these values, showing no systematic 
error except at very low filament temperatures (below 1800°), where the 
Purkinje effect makes the observed candle-power too low. 

To assume that the value .00162 is correct would lead to the conclusion either 
that the emissivity of tungsten is 0.67 (instead of 0.50) for X = 0.55, or that 
the melting-point of tungsten is at least 3750° K. Both conclusions are 
altogether inconsistent with other observations. 

1 Puys. REv., 6, 138, 1915. 

2 The emissivity of tungsten is taken to be 0.46 for X = .664u and 0.50 for A = .55u and 
is assumed to be a linear function of X. 


3 Trans. Ill. Eng. Soc., 9, 633, 1914. 
4Puys. REV., 5, 269, 1915. 
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Properties of Tungsten Filaments. 


























| 1 | 2-2 | 3 | 4 5 6 7 

T Resistivity | Watts om on woot Candles Binck a. 
Ohm.-Cm. 7% Sq. Cm. | “Ww itty. per Sq. tm. |Giving Col- 

273 | 5.00X10-*| 1.40 <i | 7 ee eee eo 
300 | 5.69 1.32 —_ | — 0237 — | — 
400 8.19 1.305 0036) 5.116 .0330 —_> | — 
600 | 13.53 1.233 .9360| 5.171 0514 —— |; — 
800 | 19.28 1.228 1725 | 5.433 0755 ——>S |; — 
1000 | 25.32 1.216 .6000| 5.584 1059 00014 =—— 
1200 | 31.60 1.215 1.674 | 5.571 1435 0074 | —— 
1400 | 38.11 1.215 3.921 5.438 1813 1325 | — 
1600 | 44.87 1.226 8.012 | 5.265 .2170 1.179 — 
1800 | 51.99 1.262 14.75 5.110 .2494 6.552 1841 
2000 | 59.43 1.272 25.10 5.990 .2785 25.90 2050 
2200 | 67.08 1.273 40.20 4.913 .3046 80.6 2256 
2400 | 74.91 1.268 61.60 4.852 3290 | 209.8 2464 
2600 | 82.91 1.257 90.56 4.817 3517 | 471.0 2672 
2800 | 90.07 1.237 | 129.3 4.794 .3730 | 944.0 2877 
3000 | 99.01 1.219 | 179.9 4.775 3941 |1729. 3082 
3200 107.1 1.171 | 244.7 4.758 4142 (2941. 3285 
3400 (114.7 1.138 | 326.3 4.745 4334 (4725. —_ 
3540 (120.0 — | 295.0 — — /|6332. —— 
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EQUIPARTITION OF ENERGY AND RADIATION THEORY.! 
By W. F. G. SWANN. 


HE state of equipartition is one which is infinitely probable on a dynamical 
scheme when we adopt a certain mathematical concept of probability, 
It is argued, however, that the infinite mathematical probability of this state 
is by no means a criterion for the likelihood of its existence. The reasonable- 
ness of this view is borne out when we observe that, in counting the number 
of ways in which a given state may be realized, the mathematics does not 
limit itself to those relations between the generalized coérdinates which we 
should be willing to admit in a piece of matter while we continued to look upon 
it as one substance, but it includes in its survey, for example, all those con- 
figurations which would be possible when the matter, as we know it, had 
broken down by radio-active disintegration or otherwise, into its ultimate 
constituents. 

Apart from objections to the theorem of equipartition itself, it is maintained 
that some of the results which are popularly supposed to follow from it, are 
by no means the conclusions to which a proper application of the theorem would 

1 Abstract of a paper presented at the New York meeting of the Physical Society, October 
30, IQIS. 
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lead. It is maintained, for example, that the theorem does not lead to equi- 
partition of energy between the electrons inside and outside atoms, in the sense 
in which such equipartition is ordinarily understood. 

In applying the theorem of equipartition of energy to radiation, apart from 
the criticisms which may be raised as to the legitimacy of considering the 
theorem applicable to an infinite number of degrees of freedom of the kind 
involved, it would appear that there is no justifiable reason for equating the 
average energy of the degree of freedom to R7T/2 where R is the measured gas 
constant, and is a finite quantity. For the nature of affairs in the radiation 
field is not such that the energy can be expressed with the fine-grainedness 
necessary for the problem in hand and yet involve terms purporting to rep- 
resent the energies of the molecules simply in terms of the velocities of centers 
of gravity. 

Any attempt to divide the energy into two parts, a part corresponding to the 
radiation, and a part representing the energies of the molecules would, in view 
of the comparative crudeness of the latter, appear to be quite inconsistent 
with the refined analysis (down to infinitesimal wave lengths) to which the 
former is afterwards considered as subjected, and it is useless to say that we 
define a perfect gas molecule as a molecule all of whose actions are, for the 
purposes of our problem, capable of being discussed in terms of the motion of 
its center of gravity, for to do this would be to deny the molecules the very 
properties by which two gases, separated from each other, for example, by a 
non-conducting space, can come into temperature equilibrium through the 
medium of their radiation alone. 

In spite of the foregoing remarks, and although Rayleigh’s equipartitional 
formula E, = 8%RT/M cannot be correct (since it is wrong for short wave- 
lengths) there remains the curious experimental fact that the constant R 
occurring in this formula, as applicable to long wave-lengths, is experimentally 
found to be the same number as that deduced from other considerations in- 
volving measurements on gases direct, without any appeal to radiation phe- 
nomena. In the ordinary deductions of Planck’s formula, there appears a 
somewhat analogous difficulty in connecting the measured gas constant with 
the constant occurring in the radiation formula, a difficulty which is by no 
means overcome by the usual arguments connecting these constants. In 
fact, the molecule would appear to be too crude a thing to figure as such in 
any fundamental analysis from which a radiation formula is deduced; yet, 
this being so, how does it come about that the constant R associated with the 
molecule really does appear in the radiation formula? 

A rather interesting light becomes thrown on the foregoing matter if we look 
upon the radiation formula as fundamental, for example, in the form 


87 av 


uM by 


eT —y1 


Ey = (1) 


where v is the frequency and a and Bb are here considered as having no sig- 
nificance other than that they are constants. 
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Without concerning ourselves as to how this formula is supposed to be ob- 
tained, we may say that if a molecule or electron is placed in the radiation 
field and if we know only the approximate equations of motion of the molecule 
or electron under the influence of the field, we shall be able to deduce, to the 
same degree of approximation, the average energy (as ordinarily understood) 
which a degree of freedom of the molecule or electron will assume. It can be 
shown that, for the case of an electron, twice this energy is equal to 

4 

Lim, =o (*2) = ; T 
and if we tentatively generalize this result so as to apply to molecules, we see 
on writing a/b = R, that the fundamental origin of the constant R is to be 
sought in the radiation formula rather than in the gas molecule, and the view 
to be taken is not that the constant R occurs in the radiation formula because 
it is the gas constant, but rather that the gas molecule as a whole is constrained 
by the radiation to move with the average energy RT/2, per degree of freedom, 
because this R is the constant which is contained in the appropriate position 
in the radiation formula. This view, of course, still allows us to look upon the 
radiation as originating ultimately in the internal motions of the molecules. 

By a further extension of this idea we see that if in formula (1) we replace 
b/T by some unknown function of the temperature, say f(T), we arrive at the 
relation. 

Average energy per degree of freedom of gas molecule = a/2f(T) and f(T) 
then becomes determined as proportional to 1/T because we measure tempera- 
ture as a quantity proportional to the ordinary kinetic energy of the gas 
molecule. The point seems of some interest because in those deductions of 
Planck’s formula which involve the fewest assumptions, such deductions for 
example as that due to Sir Joseph Larmor,! the statistical analysis does not 
carry us beyond a stage in which the temperature is involved as an arbitrary 
function. 


DEPARTMENT OF TERRESTRIAL MAGNETISM, 
CARNEGIE INSTITUTION OF WASHINGTON. 


THE MAXIMUM FREQUENCY OF X-RAys AT CONSTANT VOLTAGES BETWEEN 
30,000 AND 100,000.? 


By ALBERT W. HULL. 


N the Philosophical Magazine for September, 1915, Professor Rutherford 

has reported experiments in which the maximum frequency of X-Rays 

at different voltages was calculated from the absorption coefficients of the 

total radiation after a sufficient part of it had been absorbed to make the 

absorption coefficient nearly constant. He found that the maximum fre- 

quencies determined in this way did not increase linearly with the voltage, but 
less rapidly, and reached a maximum at 140,000 volts. 


1 Roy. Soc. Proc., Ser. A, 83, pp. 82-95, Dec. 10, 1909. 
2 Abstract of a paper presented at the Chicago meeting of the Physical Society, November 


26, IQI5. 
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The measurements given below are taken from the curves of energy distri- 
bution in the X-Ray spectra at constant potentials,’ which the author has been 
investigating. They were taken with the spectrometer, with an accuracy of 
about three or four per cent. Within this limit of error the maximum fre- 


quencies are proportional to voltage and are given by the quantum relation® 
e V = hvmax, where vmax is the maximum frequency of X-rays produced at 
" constant potential V, e is the charge of an electron, and / Planck’s constant, 
which is taken as 6.59 X 10717. It is evident from the graph that there is no 
tendency to fall below this value at higher voltages, as Rutherford found. For 
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convenience of comparison, Rutherford’s values are reproduced on the dotted 


curve. 
The cause of the difference between Rutherford’s values and the author’s 








Maximum Frequency x 10!8, 
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| 22.8 
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is due to the fact, which Duane (J. c.) has already pointed out, that the ab- 
sorption method does not give the maximum frequency. It can be shown from 


1 To be published soon. 
2 Duane (Puys. REV., 6, 166, Aug., 1915) has already shown this to be true for voltages 
up to 40,000. 
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the energy distribution curves that the absorption coefficient method leads to 
values of Umax which fall below the true values more and more as the voltage is 
raised. In fact, Rutherford’s values can be calculated directly from the energy 
distribution curves and the law of absorption. This question will be more 
fully discussed in a future publication. The fact which it is desired to point 
out here is that the maximum frequency for voltages up to 100,000 is given 
accurately by the quantum relation, and that there is no reason to believe that 
it should not continue to increase with voltage indefinitely. 
RESEARCH LABORATORY, GENERAL ELECTRIC Co., 
SCHENECTADY, N. Y. 
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NEW BOOKS. 


Analytical Mechanics. By MILLER AND Litty. Boston: D. C. Heath and 

Co., 1915. Pp. xv+297. 

This text-book is the result of collaboration by a mathematician and an 
engineer and appears to be fairly successful in meeting the needs both of 
engineering students and of those whose chief interest is in applied mathematics. 
In the main it follows conventional lines of development, but the problems, 
which are numerous and apparently well chosen, have a distinctly ‘‘ practical ”’ 
character, especially those in statics. Gravitational units of force are used 
throughout. 

A few criticisms of a minor character may be mentioned. On p. 4 and again 
on p. 127, acceleration is defined by the equations 


dv d's 


~ dt de®’ 
in the first case there is no intimation that this definition is restricted to motion 
in a straight line, and in the second case the restriction is not made very con- 
spicuous. The normal component of the acceleration is first introduced on 
p. 163 by a process which seems unnecessarily complicated. An earlier intro- 
duction of work and energy might be desirable; they do not appear until 
Chapter XI. is reached. In the treatment of the motion of a rigid body, 
p. 236 et seq., a rather formidable array of mathematics is used, considering 
the very simple applications which follow. This and some other similar cases 
appear to be deliberate since, in the preface, the authors say: ‘‘ We have 
chosen the older methods of treatment, such as the resolution of forces, etc., 
because we believe that in this way the student keeps in a little closer touch, 
at least in the beginning, with the physics of the problem.’’ There is room 
for difference of opinion as to the validity of this conclusion in all cases; cer- 
tainly there are several places in the book where adherence to the method of 
resolution along the coérdinate axes does not conduce to perspicuity or physical 


insight. 
H. A. B. 


Elements of Optics. By GEORGE W. PARKER. New York: Longmans, Green 
and Co., 1915. Pp.1+122. Price, $.75 net. 

After a student has mastered Euclid, he is at the threshold of physical theory, 
and how to introduce him to this realm is the problem of the teacher. The 
author’s solution is simple geometrical optics. Nothing could be more appro- 
priate. The fact that light travels in straight lines immediately enables us to 
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apply geometry. The laws of reflection and refraction are extremely simple, 
and follow directly from experiment. With Euclid in one hand and these two 
laws in the other, he can lead the admiring student past a wealth of phenomena, 
understanding all as he goes. In no other field of physics is such immediate 
success possible. One cannot but admire the conception behind this little book. 

The author carefully preserves the essential sameness of physical theory 
and mathematical deduction, and yet strongly emphasizes the essential dif- 
ference, approximation, which he keeps careful'v before the reader. The first 
chapter describes rectilinear propagation, and states the laws of reflection as 
experimental facts, and then applies them to the phenomena of reflection. 
The second chapter does the same for retraction. The eye and optical instru- 
ments are explained in the third chapter, and the book ends with a description 
of Newton’s experiment which discovered the dispersion of light, and with this 


basis briefly treats of achromatic lenses. 
P. V. W. 





